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Abstract

As current silicon-based microelectronic devices and circuits are approach-
ing their fundamental limits, the research field of nanoelectronics is emerging
worldwide. With this background, the present thesis focuses on semiconduc-
tor nanoelectronic devices based on ballistic and quantum effects. The main
material studied was a modulation doped Ing 75Gag25As/InP semiconductor
two-dimensional electron gas grown by metal-organic vapor phase epitaxy.
The thesis covers mainly three types of devices and their twofold integra-
tion: in-plane gate transistors, three-terminal ballistic junctions and quan-
tum dots. Various advanced nanofabrication tools were used to realize the
devices, such as electron beam lithography, focused ion beam lithography and
atomic layer deposition. The theories behind the analysis of the experimen-
tal data include principles of field effect transistors, the Landauer-Biittiker
formalism, the constant interaction model, etc.

The principles of in-plane gate transistors can be explained by a classical
theory. The source, drain, one-dimensional channel and two side gates were
in the same plane; a setup that can be obtained by single step lithography.
The gating efficiency of the two independent gates was voltage-dependent,
which resulted in a simplified circuitry for implementing a logic function. At
room temperature, an SR latch with a signal gain of ~4 was realized by the
integration of two in-plane gate transistors.

Three-terminal ballistic junctions are nonlinear devices based on ballistic
electron transport. When two terminals are applied with voltages, the third
terminal will output a voltage close to the more negative voltage in the two
inputs, as opposed to a simple average of the two. From numerical calcula-
tions, this ballistic effect persists up to room temperature. Three-terminal
ballistic junctions are so robust that nonlinearity is observable in asymmet-
ric devices and relatively large devices. They can be fabricated on several
materials by assorted techniques. The junctions find their applications in
analogue frequency mixers, phase detectors and digital SR latches and the
circuits are simpler than conventional designs. The intrinsic speed of the
devices is in the GHz or THz regime by virtue of the ballistic transport. It is



believed that as-built junctions have a potential as building blocks in future
nanoelectronics.

Quantum dots are zero-dimensional boxes for electrons with a decent
resemblance to natural atoms. Due to their nanoscale size, numerous inter-
esting quantum effects can be observed. Gate-defined quantum dots were
fabricated in InGaAs/InP by incorporating a high-k£ HfO, (20-30 nm thick,
grown by atomic layer deposition) as the gate dielectric. The gate leakage
was suppressed and the gating efficiency improved. At 300 mK, charge stabil-
ity diagrams of single and double quantum dots were measured and studied
in detail. Zeeman splitting in a parallel magnetic field and charge sensing by
nearby quantum point contacts were also investigated. The single and dou-
ble quantum dots are expected to be useful in fields including single electron
logic, stochastic resonance, spintronics, quantum computing, etc.

vi
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Chapter 1

Introduction

OMPLEMENTARY metal-oxide-semiconductor (CMOS) technology is the
basis of modern integrated circuits (ICs). Moore’s law, which has been

the guiding principle for the semiconductor industry for over 40 years, pre-
dicts that the number of transistors per IC doubles every 2 years [1]. The
stringent demand on speed and portability of electronic devices requires
metal-oxide-semiconductor field effect transistor (MOSFET) scaling in very-
large-scale integration (VLSI). For example, in the 65-nm technology node
(which is related to half the metal pitch of a dynamic random access memory
(DRAM) device) of microprocessors, the transistor has a physical gate length
of 35 nm and a gate oxide thickness of 1.2 nm [2]. In 2007, researchers at
Intel used high-k (dielectric constant) Hf-based gate dielectric and dual work
function metal gate electrodes to replace SiOs/polysilicon as the gate stacks
in the 45-nm technology node [3|. Currently, work is focused toward the 22-
nm technology node and beyond. With technological innovations, Moore’s
law is expected to continue at least through the next decade. MOSFETs with
gate lengths down to 6 nm and silicon on insulator (SOI) channels as thin as
4 nm have been achieved at IBM [4]. However, when the device dimensions
reach the nanometer scale, scaling faces numerous challenges such as gate
oxide leakage, leakage between source and drain, high source-drain access
resistance, mobility degradation from large field and device-to-device varia-
tions. In 2005, Gordon Moore stated in an interview that Moore’s law cannot
be indefinitely sustained and that the transistors would eventually reach the
limits of miniaturization at atomic levels [5]. Therefore, intensive research
is being carried out to explore electronic materials other than Si, as well as
novel device principles beyond CMOS. An introduction to nanoelectronics
can be found in Ref. [6]. Recently, much interest is devoted to the research
of low band gap III-V compound semiconductors as the future transistor
channel material. For instance, InGaAs and InSb quantum well FETs show
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significantly improved energy-delay products, which is representative of the
energy efficiency of transistors [7]. This thesis describes the detailed study of
nanoelectronic devices made in InGaAs/InP based on ballistic and quantum
effects. We begin with some basic concepts and theories, and then move on to
in-plane gate transistors, three-terminal ballistic junctions (TBJs), quantum
dots (QDs) in InGaAs/InP and their further integration.

There exist three important characteristic lengths in mesoscopic trans-
port: the de Broglie wavelength, the mean free path and the phase relax-
ation length. Conductors usually demonstrate an ohmic behavior if their
dimensions are much larger than the characteristic lengths [8]. At low tem-
peratures, the current is mainly carried by electrons near the Fermi level
FEr, and therefore the Fermi wavelength constitutes the relevant de Broglie
wavelength. In a perfect crystal, electrons will not be scattered. They move
as if they were in vacuum, but with an effective mass m*. Any deviation
from perfect crystallinity, such as impurities, lattice vibrations (phonons) or
other electrons, leads to a scattering event during which the electron changes
its momentum. The mean free path [,,r, is the distance that an electron
travels before its initial momentum is destroyed: l,,r, = vp7, where v is the
Fermi velocity and 7 the momentum relaxation time. If the electron is only
scattered by a small angle, very little momentum is lost and therefore [y,
is not determined by such a scattering event. The phase relaxation length /,
is the distance that an electron travels without losing its initial phase, where
the transport is coherent. Inelastic scattering such as electron-electron and
phonon scattering are mainly responsible for the loss of the phase memory.
Note that [,,, is not affected by electron-electron scattering since it does not
give rise to any loss in the net momentum. Boundary and impurity scatter-
ing processes are usually constituted by elastic scattering and do not change
the phase of an electron, provided that the scatterer is rigid without internal
degrees of freedom so that it can change its state.

If the device dimensions are much larger than /,,¢,, the transport is diffu-
sive where the Drude model is applicable [8]. In an electric field E, the elec-
tron will drift with velocity vg. At the steady state, the rate at which the elec-
tron receives momentum from the external field is equal to the rate at which
it loses momentum through scattering. Therefore, we have m*vy = eFET and
the electron mobility is defined as p. = vg/E = er/m*. In a homogeneous
conductor, the current density is expressed as J = envy, where n is the
electron density. It is easy to derive J = enu.E. o = enu, is called the
conductivity of the conductor. J = o F is the familiar ohmic law.

However, when the device dimensions are reduced to the mesoscopic scale,
the ohmic law breaks down. The Landauer-Biittiker formalism [9] is a very
useful tool for understanding the mesoscopic transport. The current flow
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through a conductor is proportional to a transmission function describing the
ease with which electrons can transmit through it. Supposing that we have a
coherent transport conductor connecting to several terminals (reflectionless
contacts) via leads that are assumed to be ballistic conductors, the current
at terminal p is an integration over energy:

I, = /z’p(E)dE, (1.1)

where
_ 2e
ZP(E) - h Zqu(E)[fq(E) - fp(E)] (1.2)
q
fp(E) is the Fermi function for terminal p
1
fo(E) = 50— (1.3)
ersT 41

and T,,(E) is the total transmission (average transmission probability per
mode times the number of modes in lead ¢) of electrons from lead ¢ to lead
p at energy E. The transmission obeys the sum rule

Zqu(E) = Zqu(E)- (1.4)

Here, I, and i, are positive if the electrons flow into terminal p. Particularly,
if the bias is so small that the Fermi level difference between two terminals
Ap < e.+atfew kgT | where €. is the energy range over which the transmission
function is nearly constant, Eqs. (1.1) and (1.2) can be linearized to

I, = Zqu(Vp —Va), (1.5)
q
where V), = —p,/e and
2e? ofi
Gy =7~ /qu(E) (-(,)EO> dE. (1.6)

Here, fo(F) is the Fermi function at thermal equilibrium. Egs. (1.5) and
(1.6) describe the so-called linear response regime of transport. At low tem-
peratures (kg1 < €.), the conductance

2¢?
Gpg = TTM('LLF)’ (1-7)
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which explains the quantized conductance in a narrow ballistic conductor
[10]. A detailed discussion of the Landauer-Biittiker formalism can be found
in Ref. [11]. The Landauer-Biittiker formalism provides a rigorous descrip-
tion of mesoscopic coherent transport. It is a terminal description in terms
of measured currents and voltages, bypassing any questions regarding the
spatial potential variation inside a device. The transmission function 7),(E)
describes the probability of an electron with energy E and +k state (k is the
wave vector) incident in lead g to be transmitted into lead p. Assuming reflec-
tionless contact, the incoming states in each lead are in thermal equilibrium
with the corresponding electron reservoir even when a bias is applied. We can
therefore calculate the conductance between two leads while giving the total
conductance as measured between two contacts [11]. The Landauer-Biittiker
formalism has a wide range of applicability, including high temperatures and
a large bias. Even if the transport is noncoherent, it remains valid as long
as the transport does not involve the “vertical” flow of electrons from one
energy to another.

The present thesis mainly discusses semiconductor nanoelectronic devices
based on ballistic and quantum effects. Such devices are expected to have
small sizes, high speeds, low power consumptions, novel properties and are
believed to play important roles in future nanoelectronics. Currently, deca-
nanometer MOSFETs are already in full production and further downsizing
will be achieved within the near future. Since the mean free path of a carrier
in the silicon devices is estimated to be on the order of 10 nm, the probability
for a carrier to encounter scattering events in the channel rapidly decreases.
Ballistic transport signifies that the magnitude of the device is smaller than
limfp, where almost no scattering processes except the boundary scattering
are present in the device. If the device size is comparable to l,,f,, we usually
talk about a quasi-ballistic transport. [,,,s, can be elongated under large bias
conditions (hot electron effect). In ballistic or quasi-ballistic transport, the
device current is controlled only by the carrier injection from the source into
the channel, and the conventional mobility concept and theory no longer de-
scribe the transport properly. Generally, the Landauer-Biittiker formalism is
used to study the ballistic effect. An example of the ballistic/quasi-ballistic
MOSFET theory can be found in Ref. [12]. Due to there existing almost no
scattering events in the channel, the ballistic limit implies the high perfor-
mance limit of the MOSFET in a given structure. This thesis describes the
fabrication of ballistic junction devices on III-V semiconductors which have
longer ,,,f, and, therefore, relax the requirement on the device size shrinking.

In ballistic or quasi-ballistic junctions, there is almost no scattering in
the conducting channel. However, does this mean that the current will go to
infinity when applying a large bias? Figure 1.1 shows the channel of a ballistic

4
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Figure 1.1: The energy landscape of a ballistic cavity connected to two electron
reservoirs through two QPCs under (a) small and (b) large bias conditions. It is
assumed that there was no potential drop inside the ballistic channel [13]. When
Vsq is large as compared to pup, a gap opens up and the transport window ceases
to increase, leading to a saturation of the current.

junction connecting to the source and drain via two QPCs. Under a small bias
(Figure 1.1(a)), the current roughly displays a linear increase with the applied
voltage. At a high bias, e.g., a large value as compared to the Fermi energy
1, a gap in the electron distribution inside the sample opens, leading to a
current saturation [14] (see Figure 1.1(b)). Now, the total injected current
depends only on pp and the height of the saddle point potential. In fact,
in ballistic devices, the current is determined by the injected carrier density
and the injection velocity v;,;. The current saturates because the injected
carrier number stops increasing and v;,; is almost independent of the bias
[12].

A quantum effect appears when the size of a device is reduced to certain
values. Bulk semiconductors are known as 3D materials due to electrons
being free to move in three dimensions. In a 2D system, the electrons are
constrained to move only within two dimensions of a thin film (quantum
well). Similarly, 1D quantum wires and 0D quantum dots can be obtained
by further reducing the dimensions. If we take a bulk solid with parabolic
isotropic dispersion relation E3p = W (k is the wave vector) as an
example, a reduction of the dimensions (assuming an infinite square potential

. . R2(k2+k2)
well), leads to the energy being written as: Fop = E, + —

_ n2x2p2., - K22  m2r2R2 n2n2R2 | .
E, = 2meLT ) Eip = Eppn + 55, where B, = S + TR and Eop =

_2x2R2 m2n2h? n2n2h? : tpl
Elmn = 50 7z T o 12 + Sz Accordingly, the densities of states (DOS)

, where

sguV'm* m*E _ sguSm*
are expressed by Dsp = %2n 522, Dyp = ), 28mm-O(Eyp — Ey),
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Figure 1.2: Electron density of states calculated for a 10 nmx10 nmx10 nm
Ing 75Gag.o5As material when regarded as a 3D, 2D, 1D or 0D system, using the
formulae discussed in the text.

DlD = Zm,n 957.“-];;L 2(E1Dnz*Em)n)6(E1D - E’myn) and DOD = Zl,m,n 5(E0D -
E, — E,, — E,), where g, and g, respectively stand for spin degeneracy and
valley degeneracy, and V', S, L are the volume, area, length of the material.
l,m,n=1,2,3,... are the quantum numbers of the energy levels.

Because of the energy quantization effect, low-dimensional nanostructures
have a very different DOS from that of the bulk material, giving rise to several
remarkable physical properties of the devices. Figure 1.2 shows the electron
DOS in materials of various dimensions. In the calculation, the material
geometry is 10 nmx10 nmx10 nm with m* = 0.047m. (corresponding to
Ing 75Gag25As). The parabola corresponds to the case where the material is
treated as a bulk, and the stair represents the case where it is treated as 2D.
Furthermore, the sawtooth is the 1D case, and finally the d-function corre-
sponds to 0D. It can be seen that, as the dimensions are reduced, electrons
are constrained in narrower energy ranges and are moved to higher energies
due to the quantum confinement effect.

This thesis covers several topics of planar nanoelectronic devices in In-
GaAs/InP based on ballistic and quantum effects. Chapter 1 introduces
the topic and presents the motivation of the research as well as some ba-
sic concepts and theories. Chapter 2 describes the aspects of the modula-
tion doped Ing75Gag2sAs/InP two-dimensional electron gas (2DEG) mate-
rial used throughout the study. Advanced technologies for the fabrication of
planar nanodevices, including electron beam lithography (EBL), metaliza-
tion, etching and gating through high-k dielectrics are discussed in detail.
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Chapter 3 focuses on in-plane gate transistors and their possible applications
in nanoelectronic ICs through the analysis of a model device SR flip-flop.
Although they are new devices, the main principles can be understood by
classical physics and electronics. Chapter 4 introduces three-terminal ballis-
tic junctions which can be explained using the Landauer-Biittiker formalism.
In combination with the in-plane gate technology, it is demonstrated that
TBJs can be possible candidates for building blocks in future nanoelectron-
ics. Chapter 5 switches to low-temperature devices, where single and double
quantum dots are illustrated. These devices are interesting not only in na-
noelectronics for single electron transistors (SETs) and stochastic resonance
applications, but also in spintronics and quantum information science and
technologies. Chapter 6 summarizes several possible directions of the future
work. It is our hope that the results presented in this thesis be a valuable
contribution to the nanoelectronic research on InP-based semiconductors.



Chapter 2

Materials and Device Fabrication

NP and related compounds are key semiconductor materials for radio fre-
I quency (RF) electronics [15] as well as 1.3- and 1.5-um spectral region
optical fiber communications [16]. The work described in this thesis is based
on a modulation doped Ing75GagosAs/InP 2DEG grown by metal-organic
vapor phase epitaxy (MOVPE). The properties of the material and the fab-
rication of the nanodevices are discussed in this chapter.

2.1 InGaAs/InP two-dimensional electron gas

Indium phosphide has a zinc blend crystal structure with the lattice con-
stant of 5.869 A. The density is 4.787 g/cm? and the melting point is 1335
K. The dielectric constant is 12.5 and the band gap is 1.35 eV. At room tem-
perature, the electron and hole mobilities are 0.45 m?/Vs and 0.015 m?/Vs,
respectively. The drift velocity of InP under large electric fields is larger
than those of GaAs and Si, which is promising for RF devices [17]. Other
properties of bulk InP can be found in Ref. [18].

With the progress in epitaxial growth based on molecular beam epitaxy
(MBE) and MOVPE, it is possible to grow extremely thin layers with sharp
interfaces between adjacent layers. As a result, the use of heterostructures
in high speed devices was materialized in the 1970s. Researchers at Bell
Labs reported on an enhancement of electron mobility at the interface of a
GaAs/AlGaAs heterojunction [19]. Shortly thereafter, the first high electron
mobility transistor (HEMT) was invented at Fujitsu [20]. The first modula-
tion doped 2DEG was realized in GaAs/AlGaAs heterojunctions, where the
different band gaps of GaAs and AlGaAs give rise to offsets AE,. and AFE, in
the conduction and valence bands, respectively. In such structures, a large
AL, is desired since this stimulates the transfer of electrons from the n-doped
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Figure 2.1: The epitaxial layer structure of the pseudomorphic
Ing.75Gag.25As/InP 2DEG on semi-insulating InP substrate.

AlGaAs (wider band gap) to the undoped GaAs (narrower band gap). The
transferred electrons are in a triangular-shaped quantum well (QW) at the
GaAs side of the GaAs/AlGaAs interface. Since the QW is only a few nm
thick, the electrons are confined in the material growth direction and only
free to move in the plane of the interface, forming a 2DEG. Due to the 2DEG
being spatially separated from the donor impurities, scattering is suppressed
and the electron mobility is increased, which can be seen in the formula
o = enj.. To obtain a large o, an increased doping is required in the chan-
nel so as to obtain a large n, but that will introduce more scattering and
pull down p.. Modulation doping successfully bypasses this contradiction
and channels with high o can thus be achieved in HEMTs [21].
GaAs/AlGaAs is a lattice-matched heterojunction. Another lattice-matched
system, grown on InP substrates, is IngseAlgssAs/Ing 53Gag7As/InP.  In
the latter, it is possible to obtain larger AE, values than the GaAs/AlGaAs
counterpart. Also, InGaAs has a low effective mass, resulting in a high low-
field electron mobility and a high peak electron velocity, since the increased
energy quantization reduces the inter-subband scattering. The energy dif-
ference between the I' point and the X valley is larger in InGaAs, which
further improves the peak electron velocity. Particularly, InGaAs/InP has
a low defect density after etching, where the depletion width at the etched
sidewalls [22] is small, rendering it a good candidate for etched nanodevices.
In the present work, the indium concentration was increased to 75% to
form a pseudomorphic structure with InP. The heterostructure was grown
by MOVPE, and the layer sequences are shown in Figure 2.1. On a semi-
insulating InP:Fe substrate, a 50-nm undoped buffer layer, a 9-nm undoped
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Figure 2.2: The calculated conduction and valence band diagram of the
Ing.75Gag.25As/InP modulation doped heterostructure illustrated in Figure 2.1.
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Figure 2.3: A Hall bar made by EBL and wet etching together with a schematic
diagram of the measurement circuit.

Ing.75GagosAs quantum well, 20 nm of undoped InP, 1 nm of Si -doped InP
and a 20-nm undoped InP cap were successively grown. In contrast to the
GaAs/AlGaAs, the 2DEG is not formed at the interface of the heterostruc-
ture, but at the InGaAs square quantum well. InP was chosen over InAlAs as
the barrier layers due to it having a superior chemical stability and the fact
that it was difficult to achieve high-quality Al-based layers in MOVPE. By
solving the 1D Poisson equation at room temperature, the estimated band
diagram of the material system could be plotted in Figure 2.2. The reference
point of the energy was selected to be at the Fermi level. It was seen that
only the QW was below the Fermi energy, indicating the absence of any other
parallel conducting layers.

Regarding wafer 4113, at room temperature, the sheet electron concen-
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Figure 2.4: A typical result of a Hall measurement: longitudinal and transversal
resistances of the 2DEG in wafer 4113 as functions of the perpendicular magnetic
field. The data was recorded at 300 mK with a lock-in technique, where the applied
current I was 10 nA oscillating at 37 Hz.

tration, mobility and mean free path were 5x10' m~=2, 1.3 m?/Vs and 150
nm, respectively. At 300 mK, ng, . and I, were 4x10” m~2, 50 m?/Vs
and 5 ym. For wafer 4057, at room temperature, n, . and I, s, were 4x 10"
m~2, 0.9 m?/Vs and 100 nm. At 300 mK, n, pe and I, were 4x10% m~2,
6.8 m?/Vs and 730 nm. These parameters were obtained through Hall mea-
surements in the dark. Details of classical and quantum Hall effects can be
found in Ref. [23]. Here, only a brief description and summary of the cal-
culation methods are provided. Figure 2.3 shows an optical micrograph of
a Hall bar, together with the measurement circuits. For the convenience of
the calculation, the width W and length L of the Hall bar were designed to
be identical. The ohmic bonding pads were slightly wider than the contact
areas on the mesa in order for the edge states to have little influence on the
contacts. A small bias V,,, was applied to the drain and the source was
grounded. Since the 2DEG resistance was much smaller than the series re-
sistor R, a constant current I was flowing in the Hall bar. A magnetic field
B was applied perpendicular to the 2DEG plane. The Landau levels were
formed at energies F,, = (n — 1/2)hw,, where w, is the cyclotron energy and
n=1, 2, 3,.... The energy reference point was selected at the lowest quantized
level in the material growth direction. The filling factor v denotes the num-
ber of occupied Landau levels (in general v is not an integer), where the two
spins are counted as separate levels. The Hall voltage Vy and Shubnikov-de
Haas voltage Vgqp were measured according to Figure 2.3.

A typical result of the Hall measurement on wafer 4113 is shown in Figure
2.4, where the Hall and Shubnikov-de Haas resistances (Vg and Vgqy divided
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by I) are plotted against the magnetic field B. For a sample with an even
higher mobility we refer to Ref. [24]. As can be seen in the figure, at small
B, known as the classical Hall effect regime, Ry increases linearly with B.
Rgsqn oscillates with the magnetic field (when B is close to zero the oscillation
is too small to be detected), since the Landau levels are pushed upwards at
increasing B (the Fermi level remains unchanged). The transport is diffusive.
The relationship of the electric field, magnetic field and drift velocity is £ =
vgB. The sheet electron density and mobility can be calculated from n, =
IB/eVy and p. = LI/(ensWVsam |g=o). At higher B, the energy distance
between two Landau levels becomes further increased. If the difference is so
large that there exists a region in between two Landau levels where the DOS
reaches zero, the device functions in the quantum Hall effect regime. Several
plateaux appear in the Ry-B curve, and the valleys in the SdH oscillation
decrease to zero. The transport is equivalent to ballistic transport at the
plateaux, whereas it remains diffusive at rising edges. It can further be seen
from Figure 2.4 that spin splitting is observed at sufficiently large B. Before
the Zeeman splitting takes place, minima occur in the SAH oscillation when
Er lies in the middle of two Landau levels, namely Fr = nhw.. Thus,
n = ngwh/(eB), and ns can be obtained from the n-1/B plot. However,
the n, given here is usually somewhat smaller than its counterpart from
the classical Hall effect. The absolute value of n can be extracted from
GH = 1/RH = V€2/h.

Some of the most frequently used formulae in 2DEG systems are summa-
rized in Table 2.1. For GaAs/AlGaAs and InGaAs/InP, g, = 2 and ¢, = 1.

2.2 Processing of planar nanodevices

Planar nanoelectronic devices (either etched or gated) can be fabricated
by multiple step lithography on InGaAs/InP. A typical double dot device
is shown in Figure 2.5, where the mesa, ohmic contact and top gate can
be recognized in the scanning electron microscope (SEM) picture. Each
processing step is relatively sensitive and this section describes the technique
in detail.

The fabrication of devices begins with mesas. On the semi-insulating
substrate, the purpose of fabricating mesas is to create electrically separate
islands for device isolation. Mesas can be made by lithography and etching,
and their design should be as small as possible, provided that there are
enough areas for ohmic contacts and fine structures. Small mesas offer a
larger device packaging density, a higher operation speed and a smaller gate
line leakage. From an industrial point of view, photolithography is ideal
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Table 2.1: Commonly used 2DEG formulae.

Item Formula
Current I=enwy,
Current density J=eny,
hB
Cyclotron energy E, . =ho, = ¢ :
m

Cyclotron radius

.
mve 2 | wn

lc ol — =
! eB  eB\ g.g,

Density of states

DOS(E)=£:58"1

27h?
2
g 2rh
Diffusion constant p=Y = %
2 emgg,
Electron mobility u, = er*
m
. n, (hk,)*  2zh’n,
Fermi energy F= = = P
DOS(E) 2m g.g.m
. . hk, 2h | mn,
Fermi velocity o e E
m m \ g8,

Fermi wavelength

2

Fermi wave vector

kF s
K, = 2m2EF —y [T
h 8,8,

Magnetic length [, = e
eB
20,
Mean free path Ly = Vit = He |20
¢ &8,
P S mu
Momentum relaxation time (scattering time) = ¢
e
. U V E
Ohmic law (diffusive transport) 1= rE J= ;
. . . L
Resistance in diffusive transport R= W
Thermal energy E,=k,T
hD
Th 1 length l,= |—
ermal lengt " kT
T, 1 1
2DEQG resistivity in diffusive transport p=—=
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Raith 150 100pm EHT=2000kV  Signal A= SE2 Date :23 Nov 2008
Mag= 111X — WD= 6mm User Name = NN-LAB Time :11:0852

Figure 2.5: An SEM image providing an overview of a ready-made double quan-
tum dot device in InGaAs/InP. The gate dielectric, HfOg, has no contrast in this
picture due to it covering the entire sample beneath the top metal layer. The size
of the 14 bonding pads are 100 pmx100 pm.

for mesa fabrication. However, since the present study involves very small
samples (4 mmx5 mm), EBL is more convenient. A double layer negative
resist ma-N 2403 was used in the EBL with the consideration that it has
a large endurance time in strong acids as well as a decent adhesion to the
samples. In order to save exposure time, an extremely large beam step size
was used, i.e., 0.5 pum, along with an aperture of 120 pym. The optimal
dose was 80 pC/cm?. After development in ma-D 532 for 0.5 min, the resist
morphology was observed by atomic force microscopy (AFM), as shown in
Figure 2.6(a). The period of the pattern corresponded to the step size of the
EBL. Although the step size was large, the proximity effect connected all
the exposed points together, keeping the exposed resist as a continuous film
protecting the mesa surface during etching.

Dry etching is generally more anisotropic than wet etching and thus pro-
vides sharper mesa edges. This is, however, a disadvantage rather than an
advantage in the present case, since steep mesa edges could prevent the top
gate metal lines from climbing up to the mesa surfaces. Therefore, wet etch-
ing was utilized to define mesas. There exists a number of chemicals serving
as etchants of InP-based semiconductors [25], but unfortunately almost all of
them are volatile, which reduces the reproducibility of the etching process.
HCl : HNO3 : HbO =1 : 1 : 2 can be used for mesa etching. HCI can se-
lectively etch InP and HNOj3 can selectively etch InGaAs. Nevertheless, the
etching speed is a little too high (~400 nm/min) and if the concentration
is not properly adjusted, the mesa edge slope will be dependent on crystal
directions. In the presented experiments, attempts were made to use another
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Figure 2.6: (a) A 10 pumx10 pm AFM image of the ma-N 2403 resist after
development. It was exposed to an electron beam with a 0.5 um step size. (b) A
20 pmx20 pm SEM image of the Au/Ge ohmic contact after annealing at 370 °C
during 2 min.

bromine-based etchant. 300 ml of saturated bromine water was added to 5
ml of HBr acid, diluted with 25 ml of deionized (DI) water, to which 5 ml of
HNOj3 was added. The solution was then ready for use. In 5 min, the etching
depth was found to be >200 nm, down to the semi-insulating substrate. The
rake angle at the mesa edge was about 45 ¢ for all crystal directions.

The ohmic contacts were made by EBL and thermal evaporation followed
by lift-off. The EBL procedures were similar to the previous ones, with the
exception of a change to a double layer positive resist ZEP 520A to save the
exposure time. The optimal dose was 90 uC/cm?. The development was
carried out in O-xylene for 5-10 min. A survey of the ohmic contacts to
ITI-V compound semiconductors can be found in Ref. [26]. Au/Ge/Ni or
Au/Ge are standard recipes for ohmic contact metals on n-InP. The eutectic
temperature of the AuGe alloy is 361 °C and, thus, the annealing temperature
should be within the same range. 20 nm Au/60 nm Ge/120 nm Au were
grown on InGaAs/InP and annealed at 370 °C for 2 min. Figure 2.6(b)
shows a SEM micrograph of the annealed ohmic contacts. The surface of the
metal became rough and slightly balled up. At room temperature, the typical
ohmic contact resistance of the materials was a few k{2, and the resistance
between two neighboring mesas was on the order of 10® Q. If the annealing
temperature was too high, the metal would melt too much, resulting in a
destroyed ohmic contact (not transparent). It is furthermore worth noting
that the InP surface was very sensitive and the sample should always be
kept in vacuum if there is no encapsulation. Any inappropriate processing
could induce surface conducting channels and destroy the mesa isolation.
Such processes include electron or ion bombardment, plasma preen, ozone
cleaning, an insufficiently thorough removal of the resist, etc.
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Table 2.2: A summary of the physical properties of various high-k materials. SiO9
is also listed for the sake of comparison.

Material | Permittivity (k) | Band gap (eV) | AE. (eV) to Si
AlLO; 9 8.7 2.3
Ce203 26 5.5
HfO, 15-40 5.7 1.5

HfSi,Oy 15-25 ~6 1.5
Lay0O3 30 4 23
Si3Ny 7 5.1 2

S10, 3.9 8.9 3.2
Ta,0s 26 4.5 1-1.5
Ti0, 80 3.5 1.2
Y,0; 15 5.6 23
710, 25 7.8 1.4
ZrSiyOy 12-25 6.5 1.5

Fine structures of nanodevices can be fabricated by wet chemical etching,
top metal gating or a combination of the two. For etching, ZEP 520A7 was
used in EBL. The step size was 10 nm for area exposure and 2 nm for line
exposure. The optimized area dose was ~30 uC/cm? whereas it was ~300
puC/cm for the line dose. The etching solution was similar to before, but
the amounts of HBr, HNO3 and DI water were changed to 3 ml, 3 ml and
60 ml, respectively, and the etching time was reduced to 30 s. The etching
was isotropic with respect to the crystal directions, with an etching depth
of more than 100 nm. For gating, PMMA 950A4 was used. The optimized
area dose was ~200 uC/cm? and for the line dose it was ~2000 pC/cm.
Although ZEP 520A7 can also be used for this purpose, it would become
more easily burnt during metal evaporation. The metals for the top gates
consisted of 5 nm Ti/45 nm Au. Moreover, the gate dielectric could be either
cross-linked PMMA 950A [27], produced by exposure to an extremely high
dose (20000-40000 xC/cm?), or hafnium dioxide, as discussed below.

A scaling down of CMOS in the VLSI fabrication is essential to obtain
a better performance and a higher packaging density of the devices and cir-
cuits. However, when the thickness of the gate oxide is thinned to below ~3
nm, tunneling through the silicon dioxide introduces a leakage current that
increases exponentially with a decreasing oxide thickness. The gate leakage
current gives rise to a low on-off ratio of the MOSFETs and a high power
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Section Analysis

Figure 2.7: (a) The profile of 12-nm HfO» after the lift-off process on InGaAs/InP,
measured by cross-sectional AFM. (b) A 1 umx1 pm AFM image of an area where
the HfOy film had been removed. The atomic steps on the InGaAs/InP single
crystal were clearly resolved, indicating the lack of residuals of resist or hafnium
dioxide after the lift-off in 140 °C-remover 1165.

consumption. In order to solve the problem, high-%k materials were employed
to replace SiOs in the gate stack. The characteristics of some of the ox-
ides are summarized in Table 2.2. HfO, has a high &k value in combination
with large band offsets to semiconductors, and is thermodynamically stable.
Thus, hafnium-based dielectrics are the most promising candidates for the
replacement of SiOs,.

Although an extensive effort has been made regarding the development
of high-k gate dielectrics on silicon 28], the incorporation of high-k materials
in ITI-V devices is still at an early stage [29]. It is known that the Schottky
barrier height of metal/indium-based III-V semiconductor materials is too
low to suppress the leakage current to the gate. For example, the Schottky
barrier height of metal/n-InP is <0.5 eV [30, 31]. For the present experi-
ments, a thin HfO, film was inserted between the Ti/Au and InGaAs/InP as
a gate dielectric, reducing the leakage current and improving the gating ef-
ficiency [32]. Hafnium tetrakis(dimethylamide) Hf[N(CHs)o]4 and water [33]
were used to grow HfO, in the atomic layer deposition (ALD) system. The
film could be grown at 300 °C. Ny was employed as the carrier gas. The
pulse times for the precursor Hf[N(CHj)s], and water were 0.1 s and 0.025 s,
respectively, and the purge times for Hf[N(CHs)s4 and water were both 5 s.
The chemical reaction can be written as

Hf[N(CHj),)s 4+ 2H,0 = HfO, 4+ 4NH(CHs),. (2.1)

The growth was started with the Hf precursor pulse. The water adsorbed on
the surface of the semiconductor provided OH groups that were needed for
ALD. The reaction was self-limited, and one monolayer of HfO, was deposited
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in each growth cycle. The growth rate was approximately 0.8 A Jeycle. As-
grown films could be etched in hydrofluoric acid, but unfortunately most EBL
resists were unable to survive in HF. If the growth temperature was lowered
to 100 °C, patterning by lithography and lift-off of HfO, became possible
[34]. At 100 °C, the growth conditions were almost the same as those at 300
°C, except that the purge time was increased to 80 s for Hf[N(CHjs)s]4 and
H,O. The deposition rate was as high as ~1.2 A /cycle, probably due to an
insufficient cracking of the precursors. Figure 2.7(a) shows a cross-sectional
AFM image of the lift-off result of 12-nm HfO5 on InGaAs/InP, and one can
clearly see the sharp step edge. Figure 2.7(b) is a 2D AFM image of an area
where the hafnium dioxide was lifted-off. Atomic steps on the InP epi-layer
are resolved, indicating that there were no residuals of resist or HfO, left on
the surface.

As-grown HfOs thin films are known to display excellent dielectric prop-
erties: the k value is ~15 [35], the break down field is >4 MV /cm and, under
normal device operating conditions, the gate leakage current density is on
the order of 107%-10~7 A/cm?. HfO, grown at 100 °C has a larger break-
down field and a smaller leakage current as opposed to films grown at 300
°C. The reason for this is because of it being amorphous rather than poly-
crystalline. Figure 2.8 displays the I-V curve of a diode fabricated on 100
°C-grown HfO,/InP/InGaAs. A schematic diagram of the device is shown in
the inset. The active area of the device was ~80 pm?. At room temperature,
the rectification behavior was observed. A very strong hysteresis effect was
also seen, which could be useful in memory devices [36]. The rectification
and hysteresis were ascribed to the parasitic conducting layer at the InP
native oxide. It is known that the interface between InP and insulators is
electrically unstable [37]. In the present case, at the interface, there was a
parallel conductance at the InP native oxide, which probably had the same
origin as the recently discovered 2DEGs at the interfaces between different
oxides [38]. The conduction band offset for HfO, on InP was calculated to
be 1.74 eV [39]. At the forward bias, the electrons trapped at the InP native
oxide caused Fermi level pinning at this layer, thereby reducing the effective
barrier height and results in the current rectification. As a result of many
electrons being captured by the traps at the interface during transport, the
current at positive voltages was at a low state when the voltage sweep began
from large positive values. On the other hand, while the sweep started from
large negative bias, the trapped electrons were somewhat depleted, and the
current at positive voltages was at a high state. The rectification and hys-
teresis existed also at 300 mK, where the loop was much smaller due to a
reduced number of trapped electrons.

Current rectification and hysteresis effects are troublesome in device fab-
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Figure 2.8: An I-V curve of a metal /HfO5/InP/InGaAs diode. At room temper-
ature, rectification and hysteresis effects are observed, indicating a large density
of trap states at the dielectric-semiconductor interface. The voltage sweep began
from —10 V. Inset: a scheme for the diode with voltage configuration.

rication. The resistance between neighboring mesas decreased from >250
M$2 down to below a few M) and the mesa isolation was destroyed. After a
systematic study, two solutions to this problem were found. The first one was
to grow HfO, at elevated temperature (e.g., at 300 °C) with a proper pre-
treatment of the InP surface [40, 41, 42| prior to ALD. The employed recipe
for surface preparation involved first etching the sample with annealed ohmic
contacts on mesas in diluted HF acid (HF:H,O=1:4) for 20 min and then sul-
phur passivating the surface in a solution of (NHy)2Sy : HoO=1:9 at 60 °C
for 20-60 min. The sample was kept in DI water during the transfer to the
ALD chamber to avoid reoxidization in air. The interface states could thus
be eliminated and the mesa isolation was protected. Nevertheless, pattern-
ing in the HfOs could not be easily carried out. Fortunately, although the
ohmic contacts were covered by the hafnium dioxide, the force generated by
a standard thermosonic wire bonder allowed metal to penetrate the film and
connect the ohmic bonding pads to the outside electrodes. Another solution
was to use a cross-linked PMMA 950A bridge. After baking, the interface
between the PMMA 950A resist and InGaAs/InP became insulating. There-
fore, PMMA 950A cross-linked locally at the 100 °C-grown HfO, pattern
edge, the Ti/Au gate line will, when it climbs up this bridge, not have any
electrical contact to the leaking HfO, /III-V interface. Note that at a growth
temperature of 100 °C, the above-mentioned surface pretreatment did not
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work and, thus, the PMMA 950A bridge was necessary. Based on these two
technologies, gate defined quantum devices (cf. Chapter 5) could be realized
in InGaAs/InP with the gate dielectric HfO,.
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Chapter 3

Discrete and Integrated In-Plane
(Gate Transistors

IELD effect transistors are the most important semiconductor devices in
VLSI. They are unipolar since only one type of carrier predominantly
participates in the conduction process. This chapter describes a new type of
FET with two in-plane gates in a InGaAs/InP 2DEG material. Proof is also
given, by way of the device principle, that such transistors can be used in
future nanoelectronic integrated circuits.

3.1 In-plane gate transistors in InGaAs/InP

Let us first review the basic characteristics of MOSFETs. A typical MOS-
FET is illustrated in Figure 3.1. On a p-Si substrate (or p-well), the source
and drain regions are n*-doped by junction implants. On a thin oxide film,
the gate is formed (usually by polysilicon or metal). There are spacers (e.g.,
nitride) between the gate and the source and drain, and in such a structure,
when the gate voltage is sufficiently large, there is an inversion layer at the
surface of the p-Si below the gate oxide. The conducting channel for electrons
is formed in this layer, which can be controlled by the gate. If the gate volt-
age Vi is above the threshold voltage Vr, the channel is conducting. When
the voltage on the drain contact Vp is small (for convenience, the source
potential is set to be the ground), the drain current I, will increase almost
linearly with Vp. The channel resembles a normal resistor and the transistor
operates at the linear region. When V) is further increased to a value equal
to Vg — Vi, the channel begins to pinch off. The channel width becomes
reduced to zero at the place where the channel connects to the drain. The
corresponding drain voltage is denoted Vp,.:, and beyond Vi, the channel
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Figure 3.1: A 3D schematic diagram of a MOSFET. The device has 4 electrodes:
source, drain, gate and substrate. Moreover, pn junctions are formed near the
source and drain regions.

current Ip remains essentially unchanged, with the device operating at the
saturation region. The output properties of the transistor are described by
a group of Ip-Vp curves at various Vg values. In the saturation regime, the
transfer properties of the transistor are modeled by

o % | o Z:uekox
Im = 8VG Vp=const— dL

where Z, tie, koz, d, and L are the channel width, channel electron mobility,
gate oxide permittivity, gate oxide thickness and channel length, respectively
[43, 44].

The search for novel nanoelectronic devices has triggered intensive re-
search activities in quantum wire transistors [45]. 1D quantum wire struc-
tures are considered to be promising devices in nanoelectronics [46]. In-
plane gate transistors are also known as planar quantum wire transistors.
They were first introduced and realized in GaAs/AlGaAs 2DEG in the 1990s
[47, 48, 49]. The gates are capacitively coupled to the channel through etched
trenches or insulation lines written by a focused ion beam (FIB). In contrast
to the MOSFET presented in Figure 3.1, the source, drain, current channel,
and two 2DEG gates of in-plane gate transistors lie in the same plane. There-
fore, in-plane gate transistors can be fabricated by a single step lithography.
Moreover, a high transconductance can be achieved [49, 50|. Most impor-
tantly, the channel conductance can be controlled by two gates where the
voltages can be applied separately. This is equivalent to a combination of a
top and a bottom gate in a conventional double-gate FET, naturally resulting
in a simplified circuitry for implementing a given logic function. To date, the
device principles of in-plane gate transistors are receiving much attention and
they have been realized in numerous material systems such as GaAs/AlGaAs
[47, 48, 49], GaN/AlGaN [51], SiGe/Si [52], silicon on insulator [53|, diamond
[54], ete.

(Ve — V), (3.1)
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Figure 3.2: A 3D AFM picture of an in-plane gate transistor fabricated by EBL
and wet etching in an InGaAs/InP wafer 4113. The circuit configuration for the
measurements in Figures 3.3 and 3.4 is also given.

However, so far no in-plane gate transistors in InGaAs/InP have been
reported. Paper I describes the fabrication of in-plane gate transistors on
wafer 4113 by EBL and a wet etching technology, which were presented in
the previous chapter. Figure 3.2 shows an AFM image of such a transistor
and the corresponding measurement circuit. The channel was lithographi-
cally defined to be 1.1 um long and 200 nm wide. From the measurements of
other devices, it was determined that the transistor was not conducting when
the channel width <~100 nm, and thus the electrical width of the channel
in Figure 3.2 was estimated to be approximately 100 nm. This was a con-
sequence of the etching-induced surface depletion [22]. The upper and lower
gates, denoted UG and LG, were 750 nm wide, covering most of the chan-
nel length. Figure 3.3 shows the room-temperature output current-voltage
properties of the device, where the source was grounded and Vp was applied
to the drain. The drain current increased with an increasing gate voltage
(=2 V to 2 V with 0.5 V step), which is typical for n-channel FETs. In this
measurement, Vi was applied to LG, and UG was left floating (see Figure
3.2).

At negative Vg, the gating efficiency was higher than that at positive V(.
To study this phenomenon quantitatively, as presented in Figure 2 of Paper I,
the square root of the channel current /Ip in the saturation regime Vp = 1.5
V was plotted against V. Although in-plane gate transistors have a different
mechanism as opposed to that of MOSFETs, the transfer characteristics at
Vr < Vg < 0V can still be approximately described by Eq. (3.1), where
Zpekor/dL is replaced by a gain factor k (k = 1.922 x 107> AV~2 for the
device in Figure 3.2). The peak transconductance was at Vg = 0 V. g,
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Figure 3.3: Output current-voltage characteristics at various gate voltages chang-
ing from —2 V to 2 V with 0.5 V steps of the in-plane gate transistor shown in
Figure 3.2. The thicker curve corresponds to Viz = 0 V, which signifies that the
device is normally-on.

decreased linearly with a decreasing Vi until the transistor was completely
turned off. The threshold voltage was determined to occur at Vo = —1.323
V, as illustrated in Paper I. A detailed review of various methods to extract
the threshold voltage in a MOSFET can be found in Ref. [55]. In contrast
to traditional MOSFETs, at V>0 V, the transconductance was reduced.
This was due to the device being a depletion-mode transistor and the 1D
channel having a finite physical width, leaving very little space for positive
gate voltage tuning of the conducting channel.

In transistors, the Ion/Iorr is usually called the on-off ratio. An appro-
priate Ion/Iorr can improve the speed and minimize the leakage in a circuit.
In the case of optimized silicon devices, the supply voltage Voo is applied
between the source and drain, namely Voo = Vp. Vg ranges from 0V to Ve
Historically, V7 occurs at roughly 30% of Ve such that 70% of the Vi swing
above Vr is used for obtaining Ioy while 30% of the Vg swing below Vi is
used for attaining Iorp. In the case of emerging nanoelectronic devices, Vi
is not targeted and the I-V output is not optimized, leading to the choice of
Vee being somewhat arbitrary. The next section presents a sequential logic
device with integrated in-plane gate transistors in InGaAs/InP (the same as
that in Figure 3.2). In this circuit, the maximum possible source-drain volt-
age was 1.5 V during operation. Following the benchmarking methodology
described in Ref. [56], Voo = 1.5 V was chosen. In Figure 3.4, I is plotted
against Vg in a logarithm scale. Vr, Ve, Ion, and Ippp are indicated in the
figure. Using values Ipy = 9.95 pA and Ipprp = 5.5 nA, the on-off ratio of
the device was approximately 1.8 x 10%. In the off state, the drain current
consisted mainly of the leakage current to the gate. Therefore, the on-off
ratio demonstrated a strong dependence on the insulating properties of the
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Figure 3.4: Transfer properties on a logarithmic scale for the in-plane gate tran-
sistor shown in Figure 3.2. The channel current Ip is plotted as a function of the
gate voltages Viz. The rectangle superimposed on the curve was used to calculate
the on-off ratio.

substrate.

3.2 Integrated device: SR latch

The CMOS technology is widely used in microprocessors and semicon-
ductor memories, due to the circuit having a substantially lower power con-
sumption as compared to bipolar and NMOS (n-channel MOSFET) circuits.
As an example of CMOS applications in digital electronics, a CMOS NAND
logic gate is depicted in Figure 3.5, together with the truth table. In CMOS
logic gates, n-MOSFETs are used (when they are turned on) to pull down
the output voltage to GND, whereas p-MOSFETS are employed (when they
are turned on) to pull up the output voltage to Vpp. One may wonder what
advantage can be obtained from using in-plane gate transistors to build logic
gates? Apart from simple device processes, the most obvious advantage is
the reduced circuitry complexity. Figure 3.5 displays a design of a NAND
gate made of an in-plane gate transistor and a series resistor [57]. As dis-
cussed previously, the gating efficiency was much larger when the gate voltage
was negative as opposed to for the case V>0 in an in-plane gate transistor.
Therefore, for an in-plane gate transistor operating in an asymmetric mode
where two voltages are simultaneously applied to the two gates, the conduc-
tance of the 1D channel is determined by the more negative gate voltage. As
demonstrated in Figure 3.5, the transistor is turned on only when two inputs
A and B are both at high states, generating an output logic 0. When one
or two of the inputs are at the low state, the transistor is shut off and the
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Figure 3.5: Left: a CMOS NAND gate consisting of 4 transistors. Middle: the
truth table of a NAND gate, where A, B are the two inputs and Y is the output.
Right: a compact NAND gate based on an in-plane gate transistor.

output is pulled up to a voltage close to Vpp. A compact logic NAND gate
with a signal gain can thereby be realized based on a single in-plane gate
transistor.

An interesting question is whether it is possible to build integrated circuits
based on in-plane gate transistors with reduced circuitry complexity. The
present section discusses this issue in detail. A natural idea would be to try
to connect the two NAND gates shown in the right part of Figure 3.5 to form
an SR latch device. A latch is an electronic circuit with two stable states
rendering it capable of serving as one bit of memory. The outputs can be set
to logic 0 or 1 depending on the status of the input signals. Clocked or edge-
triggered latch devices are often referred to as flip-flops. However, in most
cases, the two words are used interchangeably. The SR latch, where S and
R respectively stand for set and reset, is fundamental. It can be constructed
from a pair of cross-coupled NAND or NOR gates. The stored bit is present
on the output @ and Q. During device operations, in the storage mode,
the S and R inputs are both low, and the feedback maintains the Q and Q
outputs in a constant state. If S is pulsed high while R is held low, the @
output is forced high, and stays high even after S returns low. Similarly, if R
is pulsed high while S is held low, the @ output is forced low, and stays low
even after R returns low. Figure 3.6 displays a sketch of the SR latch device
and the corresponding truth table. Note that S and R are the complements
of S and R. Since it is a sequential logic circuit, the next state Q"*! is not
only determined by S and R, but also by the current state Q", signifying
that the latch has a memory function.

Figure 3.7 shows an AFM image of the fine structure part of an SR
latch made of integrated in-plane gate transistors on InGaAs/InP, together
with an illustration of the circuit configuration. The dark regions in the
photograph correspond to etched trenches with a depth of ~120 nm. The
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Figure 3.6: A schematic diagram showing the device principle of an SR flip-flop.
The truth table is given, where S, R are the inputs and @Q, @ are the outputs.
*: the logic states are uncertain when the logic 0 states of S and R disappear
simultaneously.

main structure contains two in-plane gate transistors with the source of one
transistor connected to one in-plane gate of the other transistor and thus
capacitively coupled to the channel of the other transistor. The definition
of the two sources of the transistors are indicated with white text. The
supplementary elements in the latch are two resistors R; = Ry = 200 k2 and
two voltage shift units U; = U = 1.5 V. S and R are applied to the source
contacts of the transistors, and S (R) is also connected to the lower (upper)
side gate of the upper (lower) transistor. @ and Q are recorded from the two
negative poles of the voltage shift units, and @ (Q) is also connected to the
lower (upper) side gate of the lower (upper) transistor as a feedback. Figure
3.8 presents the logic function of the latch at room temperature. Level 0 is
defined as —0.3 V for S and R, and <—1.2 V for Q and Q. Level 1is 0 V
for S and R, and —0.04 V for Q and Q. As can be seen, Figure 3.8 exhibits
a good agreement with the truth table in Figure 3.6. The input logic swing
is magnified almost fourfold in the latch, showing a large signal gain.

The mechanism of the latch operation can be explained as follows. If we
suppose that S = R = 0 V and the outputs are kept at Q ~ —1.2 V, Q ~ 0
V. In the lower in-plane gate transistor, @ ~ Vr (see Figure 3.4) and the
transistor is (almost) closed. The upper transistor is open since both gate
voltages are approximately 0 V. When the set signal S=—0.3 V comes (R is
still 0 V), @ — S becomes much higher than V. At the same time, in the
upper transistor, both gate voltages are lowered and the channel resistance
is increased as compared to the case S =0V and Q ~ 0 V. The output Q is
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Figure 3.7: An AFM image of the integrated SR latch device made on an In-
GaAs/InP wafer 4113, where the dark parts correspond to wet etched trenches.
A schematic diagram of the measurement circuit for the latch is also shown. The
sources of the two in-plane gate transistors are marked with white text.

thus pulled up toward the ground point 0 V, and the lower transistor is more
and more open. As the feedback loop drives, @ is pulled down until it is
below Vi, closing the upper transistor. Finally, the channel resistance in the
lower transistor is reduced to ~40 k€2, which is much smaller than R; = 200
k(2. The outputs of the latch are switched to Q ~ —1.5 Vand Q ~ 0 V. If the
set signal disappears, i.e., S returns to 0 V, the gate voltage @ is also slightly
increased (Q ~ —1.2 V), as can be seen in Figure 3.8. This value, however,
is approximately equal to Vr and maintains the upper transistor (almost)
closed. Consequently, ) remains unchanged. These logic states will hold
on until the reset signal R = —0.3 V comes. The channel resistance in the
lower transistor is increased and the upper transistor is turned on. The two
outputs @ and @ are forced to jump to their opposite states, which can be
analyzed in the same way as discussed above. Thus, the set, reset and storage
of a logic bit in the flip-flop can all be explained based on the properties of
single in-plane gate transistors. Note that it is always the case that if one
transistor is closed (or almost closed), the other transistor is automatically
opened. This ensures that @ and @ always stay at two contrary states.

By fabricating an SR latch, the principle for building integrated circuits
from in-plane gate transistors with simplified techniques and designs could
be proven. However, several challenges remain. It is argued that these are
not fundamental limits and that they can be solved by further optimizing
the integrated circuit. First, the floating U; and U, are a consequence of
the negative V7 in the transistors. If enhancement-mode [58] in-plane gate
transistors can be realized, the voltage shift units are unnecessary. Second,
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during operation, one of the two transistors is turned on, giving rise to a
static power consumption. This can be solved by designing and building a
complementary in-plane gate transistor circuitry with both n- and p-type
devices [59]. Third, the device area in Figure 3.7 can be further reduced in
future designs. There is evidence showing that the voltage on an in-plane
gate can influence a 2DEG area of several um in diameter by a capacitive
coupling to the controlled area through the substrate. Therefore, in the
present study, the two transistors were designed to be far from each other
to eliminate the cross-talking effect. Furthermore, relatively long channels
were created to remove the effect from ballistic electrons. However, in the
end, it turned out that such considerations were unnecessary. In Figure 3.7,
the low voltage of @ (Q) was unable to affect the upper (lower) transistor
channel. This was due to the non-negative voltages on the source, channel
and drain of the lower (upper) transistor providing an excellent screening.
Even if the channel was shorter than the effective l,,,5,, experiment (Paper IT)
and theory [14] showed that the shape of the Ip-V}, curves remained basically
unaltered, and therefore the device principles discussed previously still held
true for short channel transistors.

The device speed could be improved by further integration of nanostruc-
tures. Generally, nanoelectronic devices present high resistances on the order
of the resistance quantum Rg = h/e?. However, the capacitances are small
due to the size effect. This gives rise to a very small RC' constant, typically
leading to THz alternating current (AC) performances. In other words, inte-
grated circuits with nanodevices and nano-interconnects are much faster than
traditional microelectronic ICs. Nevertheless, problems occur while connect-
ing the nanosystem to the outside world (with 50 €2 reference impedance)
due to an impedance mismatch. This explains why the latch in the present
study was slow (another reason was the unpassivated surface states of the
etched InGaAs/InP). Although one can put the nanodevice in an impedance-
matching network while driving the device by a high frequency signal [60],
or extract the high frequency response by measuring the direct current (DC)
average output of the nanodevice [61], the ultimate solution to the speed
problem consisted in an integration of nanoelectronic systems [62].
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Figure 3.8: Inputs and outputs of an as-fabricated SR flip-flop measured at room
temperature. An amplification of the signal swing was observed (gain of ~4).
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Chapter 4

Discrete and Integrated
Three-Terminal Ballistic
Junctions

HIS chapter discusses three-terminal ballistic junctions in InGaAs/InP.

TBJs are emerging nanoelectronic devices that exhibit new electrical
properties such as nonlinearity [63]. On this basis, TBJs can be useful in
mesoscopic analogue and digital circuits. The following provides a demon-
stration of a TBJ SR latch showing that TBJs can be employed as novel
building blocks in nanoelectronics.

4.1 Three-terminal ballistic junctions in InGaAs/InP

The importance of ballistic devices was realized very early [64]. The
first direct evidence of ballistic transport was observed in 1985 in a vertical
GaAs double barrier device [65]. With the advances in semiconductor device
processing, it has recently become possible to study ballistic transport in
planar devices, where nonlinear behaviors are observed [66]. In Ref. [66], a
triangular obstacle is placed in a cavity to force the electrons to travel in one
direction or another. For some time, it seemed that such enhancements were
necessary [67], but Xu [68] pointed to a more general origin of the rectification
effects based on an application of the Landauer-Biittiker formalism in the
nonlinear regime. In 2001, nonlinear behaviors in TBJs were observed [69,
70], and could be explained by theories [14, 68].

Figure 4.1 is a schematic illustration of a TBJ, where a ballistic cavity
is connected to three reflectionless contacts, i.e., L, C and R, via leads. The
electrochemical potentials and voltages are denoted u; and V;, where i =
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Mo Ve

Figure 4.1: A schematic representation of a TBJ with three electron reservoirs:
L, C and R.

L,C,R. Let us now consider the so-called push-pull operation of the TBJ.
The left and right contacts are used to supply and draw current from the
device, with V;, = V4 and Vx = —V;, and the voltage V¢ is measured at the
central contact without any load. Thus, u;, = ur — eVy and pug = pr + eV,
where pp is the Fermi energy in the TBJ at zero bias. In the linear response
regime, Vg is a simple average of V; and Vi. For a symmetric device one
expects Vo = 0. However, a ballistic device of this type can easily be driven
away from the linear response regime by applying finite voltages. As will be
shown, for a symmetric TBJ operating in a nonlinear response regime, the V-
voltage output is always negative in the push-pull mode. Using the Landauer-
Biittiker formalism, the current in the central branch can be expressed as

Io = % { > /TCifi(E)dE — / [Ne(E) — Reo(E)] fc(E)dE}, (4.1)

i=L,R

where N¢(F) is the number of occupied subbands (channels) in the central
lead, and Roc(FE) is the total reflection probability in the same lead. I¢ is
positive if there is a net electron flow into the central branch. The central
voltage output can thus be calculated from Vi = (up — i) /e, where pe can
be obtained from Eq. (4.1) by requiring I = 0.

Beyond the linear regime, the application of the transmission approach
requires a self-consistent treatment. For the sake of simplicity, it is interesting
to consider the zero temperature case, for which Eq. (4.1) with I = 0 is
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Figure 4.2: A linear T¢;-F curve illustrating the TBJ nonlinear properties in the
push-pull mode at zero temperature.

reduced to
KR po ne
/ Tor(E)dE = / Tio(E)dE = / ToL(E)dE. (4.2)
| %6} 1259 1229

For a symmetric TBJ, Tor, = Tecr. Assuming an adiabatic boundary, sim-
ulations show that the probability of electrons transmitted through a lead
being scattered back is very small [68], provided that there are enough open
channels in other branches to receive the electrons. This means that T,
(1 = L, R) increases monotonously with the injected electron energy. Let us
take a linear T¢;-E function as shown in Figure 4.2 to qualitatively illustrate
the negative V- output during the push-pull operation of the TBJ. The zero
transmission is below the cutoff energy of the lowest 1D subband in the in-
jection lead (Figure 1, Ref. [70]). The physical meaning of Eq. (4.2) is that
the electron flow from contact R to C should be equal to the electron flow
from contact C to L. In Figure 4.2, this requires the two colored-areas to be
equal to each other. It is easy to derive

2 2
[HT + 1
fe = %_ (4.3)

Keeping in mind that Vo = (up — pe)/e, then

_ 2Zur
e

Ve Ve = Vi =0, (4.4)

and

Vo = =5 Vi +O(Vy), (4.5)
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Figure 4.3: A 3D AFM image of a TBJ made in an InGaAs/InP wafer 4113. The
etched trenches are approximately 70 nm deep.
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Figure 4.4: The no-load central branch output Vi as a function of Vi measured
at room temperature for the device shown in Figure 4.3 (push-pull fashion).

where o = e/up. Obviously, Vi is always negative since o > 0. The cur-
vature of the V-V, parabola is inversely proportional to pp. Numerical
simulations of the TBJ device under push-pull conditions can be found in
Refs. [68, 71, 72|, where the nonlinear TBJ properties persist up to room
temperature.

Figure 4.3 displays a 3D AFM image of a TBJ fabricated by EBL and wet
etching in InGaAs/InP. The left, central and right branches are denoted L, C
and R, respectively. Another contact, the gate G, was also fabricated, adding
more tunability to the device. Voltages Vi, and Vi were applied to the left
and right branches, and the central branch output Vo was measured. Figure
4.4 represents a Vo-Vp curve of the device under push-pull operation mode
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(Vi = —Vg = V) at room temperature. A clear down-bending behavior was
observed, in agreement with the theory on TBJs [68]. One should note that
the distance between the left and right QPCs was around 170 nm, compara-
ble to I, =150 nm, and the transport was therefore quasi-ballistic at small
driving voltages. At a Vj larger than ~1 V| the bias-induced elongation of
limgp ensured a ballistic (or hot electron) transport. This issue is discussed in
detail in Section 3 of this chapter. The nonlinear TBJ behaviors were very
robust in the present experiments and can be observed in all devices fabri-
cated in InGaAs/InP, including those obtained by the FIB-induced etching
technology (Paper II).

4.2 Frequency mixer and phase detector

The nonlinear properties of TBJs can be more thoroughly characterized
by the Vo (Vr, V) function, as shown in Figure 4.5. The results were mea-
sured at room temperature, and a 3D plot of the same data is presented in
Figure 3 of Paper III. In Figure 4.5, a strong nonlinearity is seen across the
line V, = Vx. Another diagonal line V, = —Vj gives the property in the
push-pull mode. Vi is observed to follow the more negative value in V; and
Vg, and can be expressed (in volts) by

Ve = —0.2203+0.5046V/, +0.4908V5 — 0.1142V2 +0.2840V,, Vi — 0.1227V2,
(4.6)

which is obtained by a polynomial fit. The TBJ finds its serviceability in
nonlinear analogue devices such as frequency mixers and phase detectors.

In telecommunication technologies, it is necessary to change the carrier
frequency of the received modulation signal into a fixed frequency (interme-
diate frequency, IF), which can be handled by the amplifier in the receiving
machine. Such a frequency conversion is known as frequency mixing. A
mixer usually has three ports, which are called local oscillator (LO), radio
frequency (RF) and IF ports. At the IF port, one can obtain the target
frequency (usually the sum or the difference frequencies of LO and RF) by
filtering out the unneeded frequency components. A typical example can be
found in the superheterodyne receiver. By tuning the LO frequency of the
machine, the difference frequency between the RF and the LO frequency is
kept constant (IF), which can be dealt with by the signal amplifier.

A demonstration is now given of how a single TBJ works as a down-
conversion mixer. At room temperature, two sinusoidal signals with 1-V
amplitudes are applied to the left and right branches of the TBJ shown in

35



CHAPTER 4. DISCRETE AND INTEGRATED THREE-TERMINAL BALLISTIC JUNCTIONS

Figure 4.5: A plot of V& (Vz, Vg) containing 4 x 10* data points. The two arrows

indicate the cutline of V;, = —Vpg for the push-pull operation mode.
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Figure 4.6: The frequency mixing functionalities of the TBJ shown in Figure 4.3.
9- and 10-MHz sine signals with amplitudes of 1 V were applied to the left and
right branches, respectively. (a) and (¢) correspond to the measured Vi outputs
in the time and frequency domains, whereas (b) and (d) represent the expected
results extracted from the DC properties of the TBJ.
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Figure 4.3 by two waveform generators, and the central branch output voltage
is recorded with an oscilloscope. As mentioned in the previous chapter,
high frequency characterization of nanodevices suffers from the impedance
mismatch problem. Due to the limitation of our available equipments and
technologies, there were no impedance transformer networks at the input
and output terminals of the TBJ. However, the device principle could still
be proven. The input signal amplitudes were calibrated by an oscilloscope.
Figure 4.6 shows the IF outputs of the mixer while RF is 9 MHz (left branch)
and LO 10 MHz (right branch). Here (a) and (b) are the time domain signals
and (c) and (d) those of the frequency domain. Figures 4.6(a) and (c) present
the measured data and (b) and (d) that extracted from the DC results in
Figure 4.5. One can observe that the target frequency signal at (10 —9 = 1)
MHz is clearly resolved at the IF port. Other signals at 0 (DC), 9 (RF), 10
(LO) and 19 (sum) MHz are also seen. The amplitude of the target frequency
component is much larger than those of other AC components and the target
signal can be extracted by using a low pass filter. In Eq. (4.6), one can notice
that the cross term is considerably large,

ViVr = Asin(wit + ¢1)Asin(wat + ¢9)
(4.7)

= %AQ {cos[(w1 — w2)t + 1 — Pa] — cos[(w1 + w2)t + ¢1 + Pa]} .

which is mainly responsible for the wy +wp frequency components. In Figures
4.6(c) and (d), the measured DC output is comparable to the extracted
value, signifying that the calibration of the input signal amplitudes was OK.
However, at the MHz level, the mixer suffered from a serious signal decay
at the output end. No measurements of the current were performed at the
input and output terminals of the TBJ and it was difficult to give the outputs
in dBm. The mixer gain was thus defined by the voltage amplitude ratio
between the target and origin signals. The 1-MHz signal gain was only
5.4x107%, despite the extracted gain being 0.24. Similarly to in the previous
chapter, this was ascribed to the high impedance AC measurements and lack
of proper passivation of the etched III-V surfaces. Nevertheless, the intrinsic
speed was expected to be in the GHz-range |73| or THz-range [74] by virtue
of the short electron transit time induced by the ballistic effect. As compared
to previous low-temperature mesoscopic mixers such as a cross [75] or a QPC
[76], the room-temperature operation of the TBJ mixer was a breakthrough.

In order to bypass the difficulties of the high-frequency measurement, an-
other application of the TBJ was found. It could act as a phase detector
(PD), where the average DC response at the central branch was the output.
In telecommunications, phase lock loops (PLLs) are widely used in fields such
as carrier synchronization, carrier recovery, frequency division and multipli-
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Figure 4.7: The phase detection functionalities of the TBJ shown in Figure 4.3.
10-MHz sine or square signals with amplitudes of 1 V were applied to the left and
right branches with a slowly changing phase difference. (a) and (c) correspond to
the measured V¢ outputs for the sine and square wave cases. (b) and (d) present
the expected results extracted from the DC properties of the TBJ.

cation, modulation/demodulation and so on. PLLs maintain coherence be-
tween the input (reference) signal frequency and the output (synchronized)
signal frequency via phase comparison. Fach PLL system is composed of
three basic parts: the PD, the loop filter (LF) and the voltage-controlled
oscillator (VCO). Among them, the phase detector, also known as the phase
sensitive detector (PSD), is the most essential part. It can sense the phase
difference between the reference signal and the synchronized signal, serving
as an error amplifier in the feedback system of the PLL.

In a lock-in amplifier, where phase sensitive detection is used, the PD is
the most important element [77]. Lock-in amplifiers are used for detecting
very small AC signals down to a few nV. Even at a small signal-to-noise ratio
(SNR), noise at frequencies other than the reference frequency are rejected
and only the signal with a frequency equal to the reference frequency (ws =
w,) is measured. In a dual-phase lock-in, there are two PDs with reference
oscillators 7/2 apart. In the first PD, the output is the product of the signal

38



CHAPTER 4. DISCRETE AND INTEGRATED THREE-TERMINAL BALLISTIC JUNCTIONS

and the reference:

Vi = Agsin(wst + ¢5) A, sin(w,t + ¢,)

1 (4.8)
- §ASAT {COS[(C‘JS - wr)t + QSS - QST‘} - COS[(ws + wr)t + ¢s + (br]} .

Here, w, = w,, and the DC output is V| = 1/24,A,cos(¢s — ¢,). In the
second PD, the phase of the reference oscillator is shifted by 7/2, and the
DC output is thus Vy = 1/2A4,A,sin(¢s — ¢,). From V; and Vs, we get
X = Ascos(¢s — ¢p) and Y = Agsin(ps — ¢,). The measured signal is R =
VX?2+Y? and ¢5 — ¢, = arctg(Y/X). In the following, it is demonstrated
that a single TBJ provides the simplest device concept for room-temperature
high speed PDs in AC nanoelectronics.

While measuring the PD properties of the TBJ, two signals, i.e., V =
AF(wt + ¢r) and Vg = AF[(w + 0w)t + ¢g|, were applied to the left and
right branches. Here, F represents a sine or square wave function where the
amplitude A =1 V. w and dw are 2rx10 MHz and 27x0.0002 MHz, respec-
tively. A small frequency difference was intentionally introduced between the
two signals to obtain a slow time-dependent function of A¢ = dwt + ¢r — ¢y,
with a period of 5 ms. The AC output at the central branch was recorded
by an oscilloscope and subsequently averaged to give the DC V. Figure
4.7(a) and (c) display the measured V-Ag curves, where (a) is the case of
two sine inputs and (c) corresponds to the square inputs. Vi was measured
in 15 ms with 3 million AC data points, corresponding to 3 periods of the
V -Ag oscillation. The integration time 0t is 10 ps during the averaging of
V. 0t was selected according to two principles. On the one hand, dt should
be short enough compared to 5 ms in order for the phase difference A¢ to be
considered to be approximately constant during that time slot. Each 6t was
related to a value of A¢, and the corresponding V¢ value could be achieved
by averaging V¢ in 0t. On the other hand, §t should be long enough compared
to the sampling period of the oscilloscope (in this case 5 ns) so that there are
sufficient Vi data points in 0t (in this case 2000), guaranteeing the accuracy
of the V¢ values after the data processing. As discussed before, the cross
term V1 Vg contains the phase difference information of the two inputs. It
was straightforward to derive a V o-A¢ curve that was a sinusoidal function
when the inputs were sine waves, whereas it was a triangular function when
the inputs were square waves. However, in practice, since higher-order cross
terms such as Vi V3, VAV3E, V3V, ete. also contributed to the phase differ-
ence information, the V -A¢ curve may not be precisely a sine or triangular
function. Consequently, a sine-like waveform was obtained in Figure 4.7(a)
and a triangle-like waveform was seen in (c). The expected V o-Ag curves for
the sine and square wave inputs, extracted based on Figure 4.5, are plotted in
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Figure 4.8: A survey of the CBE-grown, self-assembled InAs nanowires on an
InAs substrate (material and photo provided by D. Suyatin). The scale bar is 5

pm.

Figures 4.7(b) and (d). Apparently, the measured curves showed a decent re-
semblance to the extracted curves, indicating a small amplitude attenuation
effect, which was consistent with the previous DC component measurements
in the mixer. Compared to the extracted curves, Figure 4.7(c) displays a
slightly more pronounced decay than (a). This was ascribed to the fact that
square waves contain high-order harmonic components with a less efficient
coupling to the TBJ at the input terminals. In other words, the amplitude
calibration was less accurate. In summary, the PD application of the TBJ
successfully bypassed the general AC measurement problem in nanodevices
and was expected to function well even at frequencies beyond those of the
available experimental setups.

The mixer and PD applications can be extended to other types of three
terminal devices such as self-assembled branched nanowires. An ensemble of
branched InAs nanowires grown by chemical beam epitaxy (CBE) is shown
in Figure 4.8 and the electrical properties are summarized in Paper IV.

4.3 Integrated device: SR latch

The previous chapter presented an SR latch based on in-plane gate tran-
sistors. It was also pointed out that there remain certain shortcomings in
the device. Here, we describe the configuration of a novel SR latch device
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and its outlining based on three-terminal ballistic junctions. As will be seen,
some of the aforementioned problems can be solved or improved with such a
design.

Figure 4.9 shows an AFM image of the fine structure part of a TBJ-based
SR latch in InGaAs/InP along with the corresponding measurement circuit.
Again, the device is made by EBL and wet etching with a trench depth of
~120 nm. L;, C; and R; (i=1, 2) denote the left, central and right branches
of two capacitively coupled TBJs. The shapes of two TBJs were somewhat
stretched to reduce the cross-talking effect. Two additional side gates, G
and Go, were also fabricated. G1(Gz) coupled capacitively to the right (left)
branch of the upper (lower) TBJ. Two voltage shift units U3 = Uy = 1.5 V
and two resistors r = rp = 100 M) were supplementary elements of the
circuit. S (R) was sent into L; (Ry) and 2.5 V was applied to R; (Lg). Q

(Q) was measured at Gy (Gq), which was connected to GND via ry (r1). @
(Q) was also connected to Cy (C;) through U, (U;). Figure 4.10 shows the
SR latch functionalities measured at room temperature. The logic 0 and 1
states of the inputs (S and R) were set to —0.6 V and 0 V, while those of the
outputs (Q and Q) were < —1 V and > 0 V. The data in Figure 4.10 was
consistent with the SR latch transition characteristics (cf. the truth table in
Figure 3.6).

In order to understand the mechanism of the TBJ-latch, let us look at
the device layout in Figure 4.11. An SR latch can be built by two cross-
coupled NOR gates, and the logic function is equivalent to that shown in
Figure 3.6. In Figure 4.9, the portions that are covered by blue transparent
shadows are not essential in the latch, and are therefore temporarily ignored
in the discussion. From the lower TBJ and the lower in-plane gate, one can
extract the circuit diagram shown in the right part of Figure 4.11, which
functions as a NOR gate. The narrow neck connecting L; and R; can be
regarded as the channel of an in-plane gate transistor in the present analysis.
When @Q is low (< —1 V) and S is high (0 V), that transistor is shut off (the
threshold voltage of the transistor is —0.8929 V, cf. Paper V). Consequently,
Q follows the voltage on R, yielding a logic 1 output. In the ideal case, @
should be (2.5 — 1.5 = 1) V, but in Figure 4.10 @ is slightly higher than
0.4 V. The voltage loss can be ascribed to two reasons. The major reason
is the non-local gating effect of Gs, as discussed in the previous chapter.
Gy can affect certain areas in the middle and right branches of the lower
TBJ, resulting in high resistance regions leading to the voltage loss on Gj.
This idea is supported by Figure 4.10. When @ is changed from ~ —1.6 V
to ~ —1 V, @ is increased somewhat, implying the release of the repulsive
potential on C; and R;. Another reason is that there is an inevitable leak of
high-energy electrons from L; or Go, and when they enter the central branch
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Figure 4.9: An AFM image of the integrated TBJ SR latch fabricated on an
InGaAs/InP wafer 4113, where the dark parts correspond to wet etched trenches.
A schematic diagram of the circuit configuration is also given. The transparent
shadows cover the nonessential elements in the device design.

of the lower TBJ, the voltage on this branch becomes lowered. However,
the small leakage current (a few tens of nA) is believed to represent a minor
reason for the voltage loss of (). The second row of the NOR. truth table in
Figure 4.11 requires that both @ and S be low. According to Figure 4.10,
this signifies that Q ~ —1 V and S = —0.6 V (this is not a steady state and
an immediate jump to the state described in the fourth row of the truth table
will occur). Obviously, @ —S > V7 and the ballistic electrons can be injected
into the lower TBJ. With the help of U, Q becomes reduced to ~ —1.6 V.
Q and @ shift to their opposite levels, which is the set operation of the SR
latch. If Q and S are both high (Q > 0 V and S=0 V), then the lower
in-plane gate transistor is turned on. Ballistic electrons are injected into the
lower TBJ from L;. The voltage on Cy, ~0.5 V, follows S. By virtue of Uy,
the output Q is low (~ —1 V). In the case where @ is high (> 0 V) and S
is low (—0.6 V), the ballistic effect is even stronger in the lower TBJ and Q
can be lowered to ~ —1.6 V. In Figure 4.9, the other NOR gate consisting
of the upper TBJ and in-plane gate transistor, can be analyzed in the same
way.

In Figure 4.9, the channel length of the in-plane gate transistors (the nar-
row neck connecting L; (L) and Ry (Rg)) is ~1.2 pum, which is larger than
the I, of 150 nm. One would be skeptical of the ballistic transport in the
device. Fortunately, the hot electron effect ensures the ballistic behavior in
the TBJ-latch. Normally, p. and [,,f, are material properties close to equilib-
rium, but in the present case, the device operates under a few volts. Theory
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Figure 4.11: Left: An SR latch circuit composed of two NOR gates. Middle: The
truth table of one of the NOR gates used in the TBJ-latch. Right: A schematic
diagram of one of the NOR gates used in the TBJ-latch.
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[78] and experiment [79] have shown that the effective mean free path be-
comes increased under a bias. When a voltage is applied over a QPC (or some
other barrier), a large electrostatic potential drop will occur. As a result, the
injected electrons will gain in speed, which is known as the hot electron effect.
At room temperature, the dominant scattering process is phonon scattering
and the phonon scattering time remains approximately constant. Therefore,
increasing the electron speed means increasing the effective mean free path.
One should note that a small-angle scattering does not influence the large
momentum of a hot electron, and thus will not decrease l,,s,. Furthermore,
the electron mobility is known to increase in 1D systems such as the in-plane
gate transistor channel [80, 81]. Consequently, one can apply the ballistic
transport theory to the TBJ-latch without ambiguity.

Based on the TBJ-NOR gate illustrated in the right part of Figure 4.11,
the SR latch can be simply realized by a twofold integration, as shown in
Figure 4.9. Nonetheless, in practice, a few other tasks need to be performed.
Two large resistors r; = ro = 100 M) were employed to compensate the gate
leakage current of G; and G,. Let us now suppose that the set signal S is
—0.6 V. The upper TBJ is turned off and there are little injected electrons
from Ry. @ is forced to be high (~0.4 V) due to the applied 2.5 V on
Ls. The negative voltages on L; and the channel of the lower in-plane gate
transistor, however, will lower () via a leakage current through the etched
trench. The trench insulation, determined mainly by the properties of the
semi-insulating substrate, is on the order of 100 M{2. The function of ry is
thus to prevent ) from being pulled down by the gate leakage. Obviously,
r1 and 79 could be removed from the layout if the device was fabricated on
a high-quality insulating substrate. One may also notice that the capacitive
coupling of the two central branches of the TBJs (C; and Cs) does not play
an important role in the latch operation. Similarly to what was mentioned
in the previous chapter, this is due to the lack of enhancement-mode in-
plane gate transistors. According to Figure 4.10, the logic 0 for @ and @ is
< —1 V. Without the help from the two voltage shift units, it will be < 0.5
V, which is above Vi of the transistors, rendering it impossible to stop the
channel current. Therefore, if normally-off in-plane gate transistors could be
realized, the additional side gates G; and Gy would no longer be required
and the SR latch would be much more compact than the current design.

A valid question is what benefits can be gained by using TBJs, as com-
pared to the SR latch described in the previous chapter? Firstly, with TBJs,
it is possible to apply a positive voltage 2.5 V to the TBJ branches. There-
fore, the logic 1 states of the outputs @ and Q (the steady level reaches > 0.4
V) are higher than those of the inputs S and R (0 V), which is not possible
to achieve in the device shown in Figure 3.7. Secondly, the two resistors in
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the previous device demonstrated a relatively large resistance value of 200
k2. In IC design, predominantly small resistors are desired. As discussed
above, no extra resistors are, in principle, needed in the TBJ-based SR latch
and as a result, a neater device design can be attained. Thirdly, by reason
of the nature of ballistic transport, the static power dissipation takes place
only at the contacts and interconnecting network. The intrinsic device speed
is extremely high. Nevertheless, for practical reasons, no measurement of
the high frequency data of the as-fabricated SR flip-flop has been carried
out. The device principles demonstrated in this chapter strongly suggest the
potential of TBJs as candidates for building blocks in future nanoelectronic
integrated circuits.
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Chapter 5

Single and Double Quantum Dots

HE 3D confinement of carriers in quantum dots produces a J-function-
like density of states, and consequently, QDs provide an interesting
system for fundamental physics and novel device applications. This chapter
presents a top-down approach of the QD fabrication: gating through HfO,
on InGaAs/InP. Single and double QD devices were measured at low tem-
perature, and a Coulomb blockade effect as well as other physical phenomena
are discussed.

5.1 Single electron charging

The electron density in metallic islands is large, which results in a small
Fermi wavelength. The energy spectrum is quasi-continuous and the system
can be treated classically. A typical single electron transistor is schemati-
cally shown in the left part of Figure 5.1, where an island is connected to
the source and drain via two tunnel junctions and capacitively coupled to
the gate. At a low temperature and small bias, the energy cost for adding
an electron to the island exceeds the thermal energy (e?/Csx, > kpT). The
current through the island is suppressed and this is called the Coulomb block-
ade effect. This theory is often generalized to semiconductor quantum dots,
where discrete energy levels are taken into consideration. One of the mostly
widely used approaches is the constant interaction (CI) model [82, 83|, which
is based on two important assumptions. Firstly, the Coulomb interactions
of an electron in the dot with all the other electrons (inside and outside
the dot) are parametrized by a constant capacitance Cy. In other words,
the electron-electron interactions are independent of the electron number N
in the dot. Secondly, the single particle energy spectrum calculated from
noninteracting electrons is unaffected by the Coulomb interactions, and thus
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Figure 5.1: Left: A SET schematic diagram. An island with charge @; and
voltage Vi is connected to the source and drain via two tunnel junctions. The
resistance and capacitance of the junction are denoted R (Rg) and Cy (Cy). The
island is capacitively controlled by the gate voltage V, through the capacitance C,.
Right: An illustration of the charging procedure of a capacitor through a current
I(t) driven by a voltage source Vj.

also independent of N. In many-electron quantum dots, the CI model is a
good approximation since the change in N has no significant influence on the
average dot potential.

Let us first consider the simplest case of capacitor charging as shown in the
right part of Figure 5.1. A capacitor C'is connected to a battery with voltage
Vo through a resistor R. After charging, the charge on the capacitor is Qq.
The work done by the voltage source is [V (¢)I(t)dt = VoQo = QF/C. The
electrostatic energy stored in the capacitor is [V (£)I(t)dt = [(Q/C)dQ =
Q?2/2C. Half of the energy is dissipated in the resistor. If we now consider
a system consisting of N conductors, a capacitance can be defined between
each conductor and every other conductor, as well as a capacitance from
each of the N conductors to the ground. Totally there are N(N + 1)/2
capacitors. The total charge on conductor ¢ is the sum of the charges on all
of the capacitors connected to node 1,

N N
Yoai= > CyVi—Vy). (5.1)
=054 =05

Here, Cj; is the capacitance between node 7 and node j, which stores a charge
¢ij- Vi is the voltage of node 7, and the ground is defined to be the voltage
of the zeroth conductor, where V5 = 0. The charges on the conductors are
linear functions of the voltages of the nodes, thus giving the matrix equation
Q CV where C is the capacitance matrix. From classical electrostatics,
the energy stored in the N conductor charging network is

V.-Q=-0Q -CQ. (5.2)
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Details of the electrostatics of N conductors can be found in Refs. [84, 85].

In the SET shown in Figure 5.1, the capacitances between the quantum
dot and the source, drain and gate are denoted Cy, Cy and Cy, respectively.
The total capacitance between the dot and the ground is Cy, = Cs+ Cy+ Cy
[82]. In order to understand the Coulomb blockade effect, we need to calculate
the electrostatic energy of the system. In the CI model, based on Egs. (5.1)
and (5.2), by treating voltage sources as nodes with large capacitances to
the ground and large charges on them such that V' = @Q/C |84, 85|, the total
ground state energy U(N) of an N-electron quantum dot is the sum of the
electrostatic energy and the total occupied quantized single particle energy:

[—e(N — No) + Cs Vi + CyVy + C,V, 2

U(N) = Yo + Ze (5.3)

Here, V;, Vg and V, are the voltages of the source, drain and the gate. Ny is
the number of free electrons in the dot when all voltage sources are set to zero,
which compensates the positive background charge originating from donors
in the heterostructure. Obviously, N = Ny for V; 4, = 0. Q1 = —e(N — N)
is the actual charge on the dot carried by N — Ny excess electrons. The terms
CsVs+CqVy+C,V, can change continuously and represent the nominal charge
on the dot that is induced by the bias voltage (through the capacitances Cy
and Cy) and by the gate voltage V, (through the capacitance C,). In most
experiments, the devices were measured in the linear response regime, and
therefore (if the source potential is defined as the ground)

oy = W _2]2 GVl | Y e (5.4)

i=1

The electrochemical potential of the QD is defined as pu(N) = U(N) —

U(N —1). From Eq. (5.4) we have
1, e? C,

N)=(N—-Ny— )~ —e -2V, . 5.5

HN) = (N = No= ) & = etV e (55)

Here, €?/Cy is the so-called charging energy E,. of the dot, and «;(i =

s,d,g) = C;/Cyx is defined as the lever arm of the corresponding conduc-

tor. The addition energy is defined as Au(N) = pu(N 4+ 1) — p(N). We

have

2
Ap(N) = E, + exs1 — ex = é_ + Aey, (5.6)
>
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with ey being the topmost filled single particle state for an N-electron dot.
Two other commonly used concepts are the electron affinity A = U(N) —
U(N + 1) and the ionization energy I = U(N — 1) — U(N). Their relations
to the addition energy are Ap(N) =1 — A [83].

At low temperature, electron transport can only occur when there are
states in the window ps — pig, i.e., ps > pu(N) > pg, where pug 4 are the
Fermi levels in the source and drain electron reservoirs. If the level is not
in the transport window, the dot is in the Coulomb blockade regime, which
is the origin of the Coulomb oscillation. At small biases, the Nth Coulomb
peak is a direct measure of the lowest possible energy state of an N-electron
QD, namely pu(N) and the corresponding ey. The quantized states e; is
dependent on an external magnetic field B. By analyzing the Coulomb peak
position evolution as a function of B, we can collect the information of the
electronic structure of the QD. Rich physics is included in the magnetic field
spectroscopy of the QD, such as Zeeman splitting, spin-orbit interaction,
orbital level degeneracy and crossing, Landau level formation, and so on.
The plunger gate lever arm «y is used to relate the voltage to the energy:
Ap(N) = —eaAV,, where AV, is the gate voltage difference between the
Nth and (N + 1)th Coulomb blockade peaks.

From an energy point of view, a reduction of the system’s free energy as
a result of a single tunnel event will lead to electron tunneling (AF < 0);
otherwise the current is blocked. In the left part of Figure 5.1, no resistors
were taken into account. In fact, as discussed in the analysis of the right part
of Figure 5.1, the dissipation of energy over the resistors was inevitable. SETs
are novel devices in future nanoelectronics, and circuit theories are desired
for designing nanoelectronic circuits. The energy-based theories presented
above cannot incorporate the resistors, and therefore cannot give rise to a
circuit theory. The direct-tunneling-based approach (impulse circuit model),
on the other hand, treats resistors in a general way and thus serves as a
starting point for a nanoelectronic circuit theory [86].

5.2 Single quantum dots

Quantum dots are artificial submicron solid structures, typically consist-
ing of 103-10° atoms and a comparable number of electrons [84]. In semi-
conductor QDs, most electrons are tightly bound. Only a small number (0-a
few thousand) of electrons are able to move freely. The electronic properties
show numerous parallels with those of atoms, and QDs are therefore often re-
garded as artificial atoms. In terms of electron transport studies, gating over
2DEG is an ideal technology, since it creates smooth confinement potentials
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Figure 5.2: The AC conductance of the QPC plotted against the gate voltage.
The contact resistances are subtracted. Inset: an AFM image of the device, where
the two gates are applied with a DC voltage V.

Vapc=0V

Figure 5.3: A SEM image of the single QD device together with the circuit
configuration of the measurements. The scale bar is 500 nm. The bias is applied
symmetrically with Vy = —V,,/2 and V; = Vi/2.

and allows a control of the QDs by simply changing the electrostatic voltages.
Traditionally, gate-defined QDs were realized in GaAs/AlGaAs 2DEG due to
the maturity of the material and device technologies [87]. On indium-based
ITI-V semiconductor materials, however, the Schottky barrier height is too
small to suppress the leakage current to the gate and resultantly, no such
gate-defined quantum devices have been reported on.

The Schottky barrier height of metal/n-InP is <0.5 eV [30, 31|. In the
following, it is demonstrated that gate-defined QDs can be realized in In-
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Figure 5.4: A gate oscillation curve. The source-drain current of the QD is
plotted as a function of the plunger gate voltage V.

GaAs/InP by incorporating HfO,. The inset of Figure 5.2 shows a 150-nm
wide QPC device fabricated by this technology on wafer 4113. The 8-nm
HfOy was grown by ALD at 250 °C without patterning and the top gates
were of Ti/Au. The device did not undergo a sulphur passivation and, upon
bonding, one or two gates were possibly connected to the conducting insu-
lator /semiconductor interface. However, even if the gates leaked, the DC
leakage did not influence the results since a 300 uV AC V,; was applied in
the lock-in measurement. Clear quantized conductance was observed at a
relatively high temperature of 4.2 K, which can be explained by Eq. (1.7).
Single QD devices, as shown in Figure 5.3, consist of five gates on wafer
4057: i.e., left, plunger, right, cross-bar and QPC gates. Unfortunately, the
QPC was fabricated so wide that it was impossible to find a working point
sensitive enough for charge detection, and Vgpc was thus fixed at 0 V in
the following measurements. The DC voltage V.4 was applied symmetrically
to the QD source and drain, as indicated by the red text in Figure 5.3. At
300 mK, while V; =V, = V., = —1.57 V and V;—100 1V, a sweep of V,
was performed and a plot of the the current through the QD [, is given
in Figure 5.4. Sharp peaks were observed, indicating the Coulomb blockade
effect. At a given peak (the Nth peak), the electron number in the QD
alternated between N — 1 and N. Between the peaks, the number was fixed
and no current was able to flow. The distance between consecutive peaks
was proportional to the additional energy through Au(N) = —eaAV,. In
the linear response regime, using C, = e/AV,, the plunger gate capacitance
was found to be 20.5 aF. Similarly, other gate capacitances were calculated
to be 7 = 18.6 aF, C, = 11.5 aF, C,, = 20 aF and Cgpc = 0.56 aF. The
spacing between the peaks was almost constant, signifying that the system
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Figure 5.5: Left: A charge stability diagram of the single QD device. The
differential conductance in the unit of €?/h is plotted against Vp and V4. Right:
A schematic illustration of the charge stability diagram.

was in the many-electron transport regime.

Figure 5.5 (left) displays a single QD charge stability diagram measured
at 300 mK with the circuit configuration shown in Figure 5.3. Here, the dif-
ferential conductance through the QD is plotted. The dark-colored diamond
areas correspond to regions of the Coulomb blockade and the numbers of
electrons were fixed. Along the axis Vy4 ~ 0, the electron number changed
from N — 1 to N where adjacent diamonds touched, which is also known as
Coulomb peaks (see Figure 5.4). In the N-electron diamond, the upper dia-
mond edges correspond to the (N + 1)-electron ground state (which should
not be confused with the single particle ground state). The signals from the
(N +1)-electron excited states entering the transport window are represented
by lines running parallel to the upper edges of the diamond. In an equivalent
manner, the lower edges and the nearby lines reflect the (N — 1)-electron
ground state and excited states. The right part of Figure 5.5 is a schematic
view of the various tunneling channels in an ideal stability diagram [83]. Near
the diamonds, which are centered around V,; = 0, there are regions where
the electron number fluctuates between N and N + 1, as marked with SET.
At larger V4, two, three and even more electrons are allowed to tunnel at the
same time (DET, TET, etc.). Excited states are not shown in this graph.
A charge stability diagram allows for a straightforward determination of the
charging energy E., which is half of the diamond width multiplied by e. The
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Figure 5.6: Left: The evolution of the QD source-drain current peaks at various
plunger gate voltages in a magnetic field applied parallel to the 2DEG plane. The
g-factors of three energy levels are indicated. Right: The calculation of the effective
g-factors in the QD based on the Zeeman effect.

total capacitance of the measured device calculated from the charging energy
is about 123 aF. Using the formula Cs, = 4kkod [88], where k and kg are the
dielectric constants of InGaAs and vacuum and d is the diameter of the QD,
we found d ~ 240 nm, very close to the QD side length 250 nm defined by
lithography.

As mentioned before, InGaAs/InP is an interesting spintronic material,
and it is consequently important to know the g-factor of the quantum dot.
Based on the magnetic field dependence of the ground states of the QD, g-
factors of varying orbital levels can be calculated from the Zeeman effect.
Figure 5.6 (left) displays the measured B-dependence of the positions of the
current peaks of several spin-degenerate orbital levels. The data is recorded
in a magnetic field applied parallel to the 2DEG plane at 300 mK with
Vea=50 uV, Vi==1.66 V, V,=—1.59 V, V,,=—1.58 V and Vopc—=0 V. The
energy difference between two adjacent current peaks can be attained from
the formula Ap(B) = —ea,AV,, where o, = C,,/CY, is the plunger gate lever
arm. In the CI model, Au(B) = €*/Cx. + Ae(B), where Ae(B) is the energy
difference between single particle levels involved in tunneling in the linear
response regime. The right part of Figure 5.6 is a schematic illustration
of the calculation methodology of the g-factors. For odd spin filling, one
expects Ae(B) = |giupB|, whereas for even spin filling, Ae(0) > 0 and
Ae(B) = Ae(0)—|grpupB| /2—|g; 1 s B] /2. Here, pp is the Bohr magneton,
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Figure 5.7: Left: Two kinds of diamonds measured for a large V), range after
degradation of the sulphur passivation in the device. Right: A schematic diagram
of the two QDs with different E. connected in parallel.

n and n + 1 are the indices of the levels being filled on the Coulomb peaks
below and above the corresponding diamond, and g} is the effective g-factor
of quantum level n. In this way, the absolute values of the effective g-factors
for 3 orbital levels are determined to be 2.081, 1.827 and 0.896. The estimated
g-factors are in agreement with previous measurements on an InGaAs/InP
quantum well under an in-plane magnetic field [89]. If the B-field is applied
perpendicular to the 2DEG plane, the peaks evolve in a much more complex
manner due to the field-induced level crossing in the quantum dot. Although
the g-factors are not easy to extract in such a case, interesting spin pairs can
be observed (see Paper VI).

The HfO, in the single QD device described above is 24 nm thick and
grown at 300 °C without patterning. Coulomb blockade effect requires sen-
sitive measurements. This means that, if the gates experience leakage, it is
impossible to observe the gate oscillation even with the lock-in technique.
Therefore, a sulphur-based surface pretreatment is essential for an insulating
HfO,/InGaAs/InP interface. Nevertheless, the sulphur passivation is short-
lived. It was found that exposure in open air for a few weeks, exposure to
a charged beam (e-beam, ion beam, plasma, etc.) as well as strong light
illumination can destroy the passivation effect. In these cases, the detailed
mechanism remains unclear. Figure 5.7 (left) portrays a stability diagram
measured in the same device after such degradation. Here, a large range of
V, was swept and two types of diamonds were resolved. As indicated by the
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right-hand part of Figure 5.7, it can be understood as two QDs with differ-
ent charging energy in parallel (InGaAs/InP QD|/HfO, interface QD). This
is another strong piece of evidence of the existence of a parasitic conduc-
tance at the InP native oxide/HfO, interface. The measurement in Figure
5.7 was favorable. If the bonding wire of any gate penetrated the HfO, and
connected to the conducting interface, the device would fail. In order not to
rely on pure luck for the bonding, the HfO, lift-off technique was employed
with a PMMA bridge (cf. Chapter 2) to fabricate double dot devices. This
is detailed in the next section.

5.3 Double quantum dots

Double quantum dots are regarded as artificial molecules. Depending
on the interdot coupling, two QDs can form ionic-like or covalent-like bonds.
For integrated nanoelectronic circuits, electrostatically coupled quantum dots
can be used for logic gates [90], as well as for quantum dot cellular automata
(QCA) [91]. Another interesting direction involves stochastic resonance stud-
ies [92]. If the electron number on dot 1(2) is Ny, the charge state of
the system can be denoted (Ny, N3). For isolated double dots, (M, N) and
(M — 1, N + 1) form bistable states. Therefore, an appropriate noise level
can help trigger the electron to jump back and forth between the two dots,
and the position of the jumping electron can be sensed by integrated charge
detectors. The stochastic resonance in double QDs is expected to be useful
in weak signal detection as well as basic physics research. Moreover, dou-
ble quantum dots are candidates for building-blocks in so-called quantum
computation. In principle, any two-level quantum system can be used as a
quantum bit (qubit). In the coupled double QDs, an electron spin on each
dot is proposed to be a qubit [93]. By temporarily coupling the two spins,
entanglement of the qubits can be achieved. For certain tasks, a quantum
computer is much more efficient than its conventional counterpart.

Figure 5.8 portrays a SEM image of a double quantum dot device fab-
ricated on wafer 4057, together with the measurement circuits. The HfO,
film was 30 nm thick and grown at 100 °C followed by lift-off. Six ohmic
contacts were created from 200 nm of annealed Au/Ge and eight top gates
of 50-nm Ti/Au. The top gates were fabricated by EBL using a single-pixel
line exposure. The diameter of the QDs was approximately 150 nm. A sym-
metric DC bias was applied to the source and drain of the double dot with
the voltage on Sqp being —V;;/2 and the voltage on Dqp being Viq/2. The
upper, left, left plunger, lower, right plunger and right gates of the double
QD were applied with voltages V,,, Vi, Vi, V4, V,r and V., respectively. Two
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Figure 5.8: A SEM image of the double quantum dot device. The scale bar is 1
pm. Two QPCs were fabricated near the dots, and served as charge sensors. The
DC measurement circuits are also schematically drawn.

QPCs were also integrated into the device. The QPCs were coupled to the
double QD via the left and right gates. In order to reduce the noise from
the cross-talking effect, the QPCs had separate sources and drains from the
double dot, in contrast with the commonly used design [94]. The two ends
of the left (right) gate were connected on chip. The other gate of the left
(right) QPC was named the left (right) QPC gate and applied with voltage
Vorct (Voper). The source contacts of the QPCs were grounded and the
drain contacts were applied with a DC bias Vgpcsar and Vgpesar. All of the
following experiments were performed at 300 mK in a *He-based refrigerator.

Electrically, the devices were very stable and displayed good reproducibil-
ities, allowing measurements for very large gate voltage ranges without any
significant charge rearrangement (usually a measurement takes several hours
or days). Figure 5.9 shows a measured charge stability diagram of the device
from Figure 5.8 in the linear response regime. The device was measured at
Vea=50 puV, V,=—1.63 V, Vi=—149 V, V;=-1.93 V and V,=—1.8 V, where
the honeycomb was very clear. The current through the double dot I,4 was
plotted against two plunger gate voltages V,; and V),. Typical hexagonal
features were observed. Theoretically, for completely decoupled QDs (i.e.,
without quantum mechanical tunneling between the two dots), changing the
voltage on one dot’s plunger gate will not influence the charge on the other
dot. Hexagons appear when the interdot coupling is increased. In the ex-
treme case, the coupling is so large that the two smaller dots emerge into
one big dot. The data in Figure 5.9 represents an intermediate interdot
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Figure 5.9: An experimental stability diagram of the double dot device shown in
Figure 5.8 measured at 300 mK. The source-drain current 4 of the QDs is plotted
at various plunger gate voltages V},; and V.. The data was recorded in the linear
response regime with V;3=>50 pV. Clear honeycomb structures were observed, and
for the hexagon marked with a red star, AV); ~ 0.0185 V and AV,, ~ 0.014 V.

Figure 5.10: An illustration of the two kinds of triple points at the corners of
the hexagons. e and o correspond to the electron and hole transport processes,
respectively, cf. the large circle with arrows. For the electron transfer process,
the 3 degenerate charge states are schematically shown and the alignment of the
QD electrochemical potentials with respect to the source and drain Fermi level is
displayed. Here, the arrows indicate the motion direction of the electron.
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Figure 5.11: Left: The DC current through the left QPC plotted against the

changing voltage Vpc; on the left QPC gate. Right: The DC current through the

right QPC plotted against the changing voltage Vgpc, on the right QPC gate.

coupling. The tunnel barriers are transparent enough to allow for a cur-
rent, and are opaque enough for defining the number of electrons on each
dot. Ideally, the only places where the current is not zero are at the triple
points at the hexagon corners, where the electrons can tunnel through both
QDs. These triple points are the only areas where three charge states, for
instance, (M, N), (M + 1,N) and (M, N + 1), become degenerate. At the
triple points, the electrochemical potentials of the two dots are both aligned
to the Fermi level of the source and drain of the double dot, and we have
ps = (M +1,N) = p.(M, N +1) = pg. Figure 5.10 illustrates two types of
triple points, marked with e and o. e designates the transfer of an electron
from left to right, and the figure also displays a schematic of the correspond-
ing energy level diagram. o represents the case where an electron is trans-
ferred from right to left. In the stability diagram, the triple points (e and o)
ideally form square lattices. Nevertheless, with finite cross capacitances (i.e.,
the capacitance between one dot and the plunger gate of the other dot), the
positions of the triple points move to lower V) for increasing V).

In Figure 5.9, the borders of the hexagons are also current peaks. At these
boundaries, the electrochemical potential of one dot is aligned to the source
or drain Fermi sea (f to us or u, to pg) while the other dot’s electrochem-
ical potential is misaligned to s or pg. Transport can take place through
co-tunneling via a virtual state. Co-tunneling processes are higher-order tun-
neling events requiring a finite tunnel coupling between the two dots [95]. Tt
is possible to extract information of the capacitances of the device from the
geometry of the hexagon cell. Similarly to what was mentioned in the pre-
vious section, the plunger gate capacitances are related to the dimensions
of the honeycomb cell through Cppry = €/AVp ). For example, in Figure
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Figure 5.12: Upper: A charge stability diagram of the double dot. Middle: The
left QPC charge-sensing signal. Lower: The right QPC charge-sensing signal. The
DC currents in the two QPCs are converted into transconductances with unit e2/h.
In this measurement, V. is swept while V,;; is stepped.

5.9, from the size of the cell marked with a red star, one obtains C}; ~ 8.65
al and C,, ~ 11.4 aF. These values may however be underestimated due to
the double dot probably not being in the many-electron regime. In order to
acquire the values of all system capacitances, an analysis in the non-linear
transport regime is called for [84, 85].

Since the 1990s, QPCs have been widely used to detect the charge states
in quantum dots [87]. At appropriate working points, typically between
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two quantized conductance plateaux, the conductance of a QPC sensitively
depends on the electrostatic potential that the QPC feels. Therefore, if a
QPC is placed near a QD, it can noninvasively detect single electron events
in the QD [96]. Usually, a QPC charge sensor is more sensitive than the QD
current measurement itself. It thus renders it possible to detect the charge
state in a QD or a multiple QD in the few-electron regime, where the current
through the QD is sometimes too small to be measured by normal means.

Figure 5.11 shows the curves used to determine the proper QPC working
areas. In the left (right) figure, the source-drain current of the left (right)
QPC Igpcsagpesary is plotted as a function of the left (right) QPC gate
voltage Vopciyoper). The curves are measured under the configuration Vg =
50 uV, VQPCsdl = VQPCsdr =100 ,LLV, Vu =-—1.75 V, Vz =-1.5 V, ‘/T = —1.67
V, Vg =-215V,V, = =078 V and V,, = —0.98 V. For the left-hand
figure, Vopcr = —1.7 V, and for the right-hand figure Vgopey = —1.975 V.
Generally speaking, the QPC current becomes reduced with a decreasing gate
voltage. Limited by the number of electrodes on the sample holder, the four-
terminal measurement was not possible. Therefore, the contact resistances
were unable to be excluded and it was difficult to clearly define the plateau
numbers. The shape of the QPCs was not optimal for observing plateaux
such as those in Figure 5.2, but was good enough for charge sensing. The
QPC detectors should work at the points where the curves in Figure 5.11 were
relatively steep: —2.05V < Vopey < —1.95 Vand —1.77V < Vgpe, < —1.67
V.

Figure 5.12 presents the data of the charge-sensing measurement. The
device operated at Viq = 50 pV, Vopesa = Vorosar = 100 uV, V,, = —1.75
V,Vi=-15V, V., = =167V, V; = =215V, Vopey = —1.975 V and
Vopcr = —1.7 V, in correspondence to the working points in Figure 5.11.
While selecting the operating point of the device, V; and V,. should not be
more positive than ~ —1.5 V| otherwise the electrons can jump between the
QPC parts and the QD parts. On the other hand, V; and V,. cannot be too
negative either, since a reasonably strong capacitive coupling between the
QPCs and the QDs is required. The upper part of Figure 5.12 depicts the
stability diagram of the double QD, where many hexagonal cells are seen. The
middle figure is the signal from the left QPC, where the transconductance of
the QPC 0lgpcsai/ OV, is plotted. In this way, the influence from the QPC’s
(nearly) linear current background is subtracted, and the steps (typically a
few 10 pA) in Igpcsa corresponding to a change in the electron number in
the double QD are reflected by the negative peaks in the transconductance
plot. As a result, a very clear response is detected in the left QPC, where
the left dot is seen to be in the few-electron regime whereas the other dot
is not. The lower part of figure plots the transconductance 0Igpcsdr/OVor
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Figure 5.13: Left: A charge stability diagram of the double dot. Middle: The left
QPC charge-sensing signal. Right: The right QPC charge-sensing signal. The DC
currents in the two QPCs are converted into transconductances with unit e?/h. In
this measurement, V},; was swept while V. was stepped.

from the right QPC. The changes in the electron number on the right dot
can be clearly observed, however the signal from the left dot is not effectively
detected by the right QPC.

As demonstrated in Figure 5.12, V), was swept at each step of V,;. In
Figure 5.13, the two gates were swapped in terms of the measurement mode.
Vyi was swept at each step of V), but the operating area of the device was
maintained unchanged. In the left figure, the honeycomb is again observed,
indicating a good reproducibility of the double dot. The middle figure plots
the transconductance 0Igpcsa/OVy of the left QPC, and the right figure
plots 0lgpcsar/OVp of the right QPC. It can be seen that the right QPC
senses the charge states of both dots, whereas the left QPC mainly detects
the signal from the left dot. Together with the results from Figure 5.12,
it can be summarized that, at this working area, both QPCs were sensitive
enough to detect the changes in electron number in both the left and the right
dots. While stepping the left (right) plunger gate and sweeping the other,
the right (left) QPC was insensitive to the changes in the left (right) QD.
This apparent shielding effect, however, is not yet understood. Nevertheless,
Figures 5.12 and 5.13 demonstrate the first successful double QD device with
integrated charge sensors in InGaAs/InP 2DEG with a high-% dielectric.
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Chapter 6

Future Outlook

ANOTECHNOLOGY for electronics is a revolutionary field, picking up
where traditional silicon CMOS scaling stops. Nowadays, nanoelec-
tronics is a rapidly growing area in science and technology and will have a
significant impact in the near future. It is our hope that the work presented
in this thesis can contribute to this globally emerging technology.

Regarding the in-plane gate transistors and three-terminal ballistic junc-
tions, the next step will be to realize enhancement-mode devices. Currently,
only depletion-mode devices are present in the circuits. In such devices, the
output voltages cannot be more negative than the input voltages, since the
electrons always lose their energies. Consequently, voltage shift units, which
are not desirable in IC design, are needed to match the output of one device
to the input of another. This problem, however, would not exist if devices
with positive Vr could be achieved. Another important issue is the device
speed. If the surfaces of III-V semiconductors can be effectively passivated,
the parasitic capacitances can be reduced even further. A good passivation
should eliminate surface states from the semiconductor band gap (electrical
passivation), hinder the semiconductor from reacting with the atmosphere
(chemical passivation), and provide a barrier to prevent the electrons from
being lost in the passivating layer [97]. Recently, a GayO3 passivation tech-
nique compatible with device processing has shown great promise [98]. As
mentioned in the main text, the impedance mismatch during high frequency
measurements can be solved by nanoelectronic system integration.

The degradation of the sulphur passivation should be further investigated.
Most likely, the InGaAs/InP is reoxidized. If so, it is worth figuring out
whether the oxygen comes from the HfO, or from the atmosphere. The single
quantum dot discussed in Chapter 5 is a many-electron dot. In order to ob-
tain a more thorough understanding of the electronic structure, few-electron
QDs should be realized. Resultantly, the dot size needs to be reduced. Also,
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the source and drain of the QD should be designed closer to each other, in
order to prevent the electron wave function from splitting. For studies such
as stochastic resonance, current measurements by real time counting of single
electrons [99] are required. If the current through the QD is reduced to 0.1
pA, the electron tunnel frequency f = I/e becomes 625 kHz [100], which is
manageable by normal measurement equipments. In the double dot devices
presented in this thesis, the signal-to-noise ratio of the charge sensors was not
high enough for electron counting. By increasing the QPC driving voltages
to ~6 mV, the current steps in the charge detection can be enhanced by one
order of magnitude, but this leads to a simultaneous increase of the noise.
If the coupling between the double dot and the detectors can be improved,
noise measurements using the charge detection technique can be performed
[101, 102].
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A sequential logic device realized by integration of in-plane gate

transistors in InGaAs/InP

Jie Sun, Daniel Wallin, Yuhui He, Ivan Maximov, and H. Q. Xu®
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(Received 21 October 2007; accepted 28 November 2007; published online 9 January 2008)

An integrated nanoelectronic circuit is fabricated from a high-mobility In,;5Gaj,sAs/InP
heterostructure. The manufactured device comprises two double in-plane gate transistors with a
current channel of 1.1 um in length and 100 nm in width. The two transistors are coupled to each
other in a configuration that the source of one transistor is directly connected with one in-plane gate
of the other transistor. Electrical measurements reveal that this device functions as an SR (set-reset)
latch (a sequential logic device) with a gain of ~4 in the logic swing at room temperature. The
demonstrated device provides a simple circuit design for SR latches. © 2008 American Institute of

Physics. [DOI: 10.1063/1.2825575]

In-plane gate (IPG) transistors, also known as planar
quantum wire transistors, were first introduced and realized
in GaAs/AlGaAs two-dimensional electron gas (2DEG) ma-
terials by Wieck and Ploog]’2 and Nieder et al.’ The gates
were capacitively coupled to the current channel either
through etched trenches’ or insulation lines written by a fo-
cused ion beam."? Measurements and simulation have
shown that high transconductance can be achieved in IPG
transistors.”* In contrast to conventional field-effect transis-
tors (FETs), where the metal gate is placed on top of the
channel, IPG transistors have the layout with the source,
drain, current channel, and two 2DEG gates laying in the
same plane. Thus, IPG transistors can be fabricated by a
single-step lithography. Furthermore, in an IPG transistor,
the conductance of the narrow channel can be controlled
through changing the lateral width of the channel by two
separate gates, which is equivalent to a combination of
a top and a bottom gate in a conventional double-gate FET,
naturally resulting in a simplified circuitry for implementing
a given function. With the increasing interest in low-
dimensional semiconductor nanostructures, IPG transistors
have received much attention in recent years. For example,
prototype IPG transistors have been realized in
GaAs/AlGaAs,"  GaN/AIGaN,” SiGe/Si’ silicon on
insulator,” and diamond® materials. Also, aiming for possible
complementary IPG transistor circuitry, n- and p-type IPG
transistors have been fabricated on a single substrate.” Re-
cently, logic gates and memories were made with IPG tran-
sistors and hybrid IPG transistor-quantum dot elements,'*'?
indicating again the potential applications of IPG transistors
in digital electronics.

All the works mentioned above focus on discrete de-
vices. An interesting question is as follows: Can we build
integrated nanoelectronic circuits based on IPG transistors?
Until now, no direct investigation on this topic has been re-
ported. In this letter, we report on the realization of a sequen-
tial logic circuit with IPG transistors. The device was fabri-
cated by laterally integrating two IPG transistors in an
Ing 75Gag,5As/InP heterostructure using a design in which
the two transistors are capacitively coupled to each other.

¥ Author to whom correspondence should be addressed. Electronic mail:
hongqi.xu@ftf.Ith.se.

0003-6951/2008/92(1)/012116/3/$23.00
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Electrical measurements revealed that the integrated device
functions as an SR (set-reset) latch with a gain in the output
swing at room temperature.

The devices were made from a modulation-doped high-
mobility Iny,5Gag,sAs/InP heterostructure grown by metal
organic vapor phase epitaxy (see Ref. 13 for the material
details). A 2DEG was formed in a 9-nm-thick Ing;5Gag»5As
quantum well, situated 40 nm below the surface and
separated from the semi-insulating InP substrate by a
50-nm-thick undoped InP buffer layer. At room temperature,
the carrier concentration and mobility in the quantum well,
determined from Hall measurements in dark, were around
5% 10" m2 and 1.3 m?/Vs, respectively, which give a
room temperature mean free path of the electrons of about
150 nm.

Electron-beam lithography and wet chemical etching
were used to define the fine structures of the devices on
standard mesas with ohmic contacts. The trenches were
etched 120 nm deep, down to the semi-insulating InP sub-
strate. For further details of the fabrication process, we refer
to Refs. 14 and 15. An atomic force microscope (AFM) im-
age of the fine structure part of a fabricated device is shown

Source

Source

2pm

FIG. 1. (Color online) AFM image of the fine structure part of an integrated
IPG transistor device made from an InGaAs/InP heterostructure, where the
dark color parts are etched trenches, and schematic illustration of the mea-
surement circuit setup for operation of the device as an SR latch. In the
measurements, two inputs S and R were applied to the sources (indicated by
white texts) of the two transistors. S and R also served as two of the four
in-plane gates in the device. The output Q (Q) was recorded from the lower
(upper) in-plane gate of the lower (upper) transistor. Two voltage shift units,
U, and U,, were employed in the measurements in order to bring the tran-
sistors to the working points of high gating efficiency.

© 2008 American Institute of Physics
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FIG. 2. (Color online) Electrical measurements of a transistor (the lower
one) shown in Fig. 1. (a) Measured current 7}, plotted as a function of V, at
several values of the lower in-plane gate voltage V;, varying from
—2 to 2 V in steps of 0.5 V. In the measurements, the source of the transis-
tor was grounded and the voltage V), was applied to the drain. The upper
in-plane gate of the transistor was left floating. (b) Measured v/~ V; char-
acteristics of the transistor. Here, the source was again grounded, but Vj, was
fixed at 1.5 V.

in Fig. 1, where the dark regions are etched trenches. The
structure contains two IPG transistors with the source of one
transistor connected with one IPG of the other transistor and,
therefore, capacitively coupled to the conducting channel of
the other transistor. The two conducting channels were litho-
graphically defined as 1.1 um in length and 200 nm in
width. Due to the etching-induced surface depletion,”’ the
actual electrical width of the channels was estimated to be
around 100 nm. The four in-plane gates were made 750 nm
wide, covering most of the channel length.

The devices were first characterized by measuring the
electrical properties of individual IPG transistors. Figure 2(a)
shows the measured room temperature current-voltage char-
acteristics of an IPG transistor (the lower one) in the device
shown in Fig. 1 at different voltages V applied to its lower
in-plane gate (with its upper in-plane gate left floating). In
the measurements, the right contact (source) of the transistor
was grounded and voltage V), was applied to the left contact
(drain). In Fig. 2(a), the measured current I is plotted
against V), at several values of Vg, varying from -2 to 2 V
in steps of 0.5 V. It is seen that the saturation level of the
current 7, is increased with increasing V;, indicating a good
gating effect. To study the effect quantitatively, we also mea-
sured the transfer characteristics of the IPG transistor. In
these measurements, the source contact was again grounded,
but the voltage V), applied to the drain contact was fixed at
1.5 V (the saturation region) and the current /;, was mea-
sured as a function of the voltage Vi applied to its lower
gate. The results are shown in Fig. 2(b), where V1, is plotted
against V. Here, we see an approximately linear curve in
the gate voltage range of V;<V;<0V (where V; is the
threshold voltage) and thus the transistor shows a behavior
similar to a metal-oxide-semiconductor field-effect transistor

(MOSFET) in this gate volta(ge range. The transconductance
Downloaded 09 Jan 2008 to 130.235.1
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of the IPG transistor can be estimated for this gate voltage
range from a simple formula, g, = dlp/ 0VG\VD:,5 v=k(Vs
—V;), where the gain factor k=1.922X 10> A V=2 and the
threshold voltage V;=-1.323 V, obtained by a linear fit to
the curve in the gate voltage range of V;<V;=<0 V shown
in Fig. 2(b). It is seen that the transconductance and, thus, the
gate efficiency are large at small negative values of V; and
decrease linearly with decreasing Vi until the transistor is
totally closed. It can also be seen from Figs. 2(a) and 2(b)
that the gate efficiency of the transistor goes down when the
gate voltage is in the region of V;>0 V. This is due to the
fact that the IPG transistor channel has a finite physical
width. At V=0 V, the transconductance of the IPG transis-
tor normalized to the electrical width of its current channel
was found to be 254.3 uS/um, comparable to the values
obtained for a MOSFET made by a state of the art comple-
mentary metal-oxide-semiconductor technology‘]7 Electrical
measurements of the effect of the other IPG of the transistor
as well as of the other IPG transistor in the device show
similar current-voltage characteristics.

Based on the measured functionalities of the individual
IPG transistors, it is possible to operate the integrated device
shown in Fig. 1 as an SR latch. An SR latch (a basic sequen-
tial logic circuit in digital electronics) is a level sensitive
bistable device. Two inputs R and S stand for reset and set,
respectively. Two outputs Q and Q form a complementary
pair. The next state Q"*! is determined by R, S, and current
state Q", which means that the SR latch has the characteristic
of memory. The circuit setup for measuring the SR latch
functionality of the device is shown in Fig. 1. The input

signal S (R) was applied to the source contact of the lower

(upper) transistor. S (R) was also connected to the lower
(upper) in-plane gate of the upper (lower) transistor. The

logic outputs Q and Q were read out from the two drain

contacts of the integrated device. The output Q (Q) was also
connected to the lower (upper) in-plane gate of the lower
(upper) transistor. Here we note that two voltage shift units,
U,=U,=1.5V, were employed in the measurements in order
to bring the IPG transistors to the working points of high
gating efficiency. The logic function of the integrated device
was measured at room temperature. The results of the mea-
surements are shown in Fig. 3. Here, the logic 1 was defined

to be 0 V for S and R, and —0.04 V for Q and Q, while the

logic 0 was —0.3 V for Sand R, and <-1.2 V for Q and Q
It is seen in Fig. 3 that the relations between the inputs and
outputs coincides with that given in the transition table of the
SR latch. Also, a large signal gain (about 4 in the ratio be-
tween the output and input signal swings) was achieved, in-
dicating a good signal amplification functionality of this
device.

The operation principles of the device can be explained

as follows. When S is —0.3 V and R is 0 V, the upper tran-
sistor is only partially open and its channel resistance is large
(around 7.3 M in this case, much larger than the series
resistance R,=200 k(). As a result, the output Q is at its
high logic level of —0.04 V, which is very close to 0 V.
Because both gates of the lower transistor are at high voltage
states, R=0 V and Q=0 V, the transistor is at a current flow
state, and its channel resistance is low (around 40 k), much
smaller than R; =200 k(). Thus, the voltage at the drain con-

0.212. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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FIG. 3. Measured SR latch functionalities of the device. The high and low
logic states of the inputs (5 and R) were set to be 0 and —0.3 V, while those
of the outputs (Q and Q) were to be —0.04 and =-1.2 V.

tact of the transistor (i.e., at the positive side of U,) is close
to S=—0.3 V and the output Q will be forced to stay at the

low logic level of Q=~—1.5 V, which further shuts the upper
transistor (with the channel resistance of the transistor in-
creasing to a few 100 MQ)) and makes the logic outputs of

the device even more stable. When the trigger signal of §

disappears (S=0 V), the gate Q will still keep the upper
transistor closed and therefore Q remains almost unchanged
(still at —0.04 V). The device will keep at these logic states

until the reset signal of R=—0.3 V comes. Here we note that
because of the rise of S, the signal Q is seen to be slightly

increased in Fig. 3. When the reset signal of R=—0.3 V ar-
rives, the channel resistance of the lower transistor is in-

creased and the two outputs, Q and O, are forced to jump to

Appl. Phys. Lett. 92, 012116 (2008)

their opposite levels in the same way as described above.
Subsequent switches of the device can be analyzed in a simi-
lar manner, and it is always the case that when one IPG
transistor is closed, the other IPG transistor will be automati-

cally opened, ensuring that Q and Q will always stay at two
contrary states.

In summary, we have realized a room-temperature func-
tional sequential logic device based on IPG transistors. The
device was fabricated by laterally integrating two IPG tran-
sistors in a high-mobility InGaAs/InP quantum well
heterostructure using a design in which the two transistors
are capacitively coupled to each other. The electrical mea-
surements reveal that the device shows good SR latch func-
tionalities with a gain in the output swing. The demonstrated
device provides a simple integrated circuit for SR latches.

This work was supported by the Swedish Research
Council (VR), the Swedish Foundation for Strategic Re-
search (SSF) through the Nanometer Structure Consortium at
Lund University, and EU program SUBTLE.
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Transport properties of three-terminal ballistic junctions realized
by focused ion beam enhanced etching in InGaAs/InP
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Three-terminal junction devices are realized in an InGaAs/InP quantum well by focused ion beam
(FIB) implantation and selective wet etching. Room temperature electrical measurements show that
the fabricated devices exhibit strong nonlinear electrical properties. The results are discussed in
terms of ballistic electron transport. It is demonstrated that FIB-enhanced etching processing can be
exploited as a maskless, resist-free technique for fabrication of high-quality and functional
nanoelectronic devices. © 2008 American Institute of Physics. [DOL: 10.1063/1.2993181]

Focused ion beam (FIB) processing has become one of
the key technologies in microengineering, especiallgf for
rapid device prototyping and nanostructure analysis.l’ The
established technique of FIB milling requires high ion doses,
limiting spatial resolution in device fabrication and deterio-
rating electronic properties of materials. Therefore, a main
goal in the field is currently to develop FIB-based patterning
techniques for device fabrication with a spatial resolution in
the sub-100 nm regime. One promising approach is to ex-
ploit FIB-enhanced etching (FIBEE), in which structural
changes occur in the implanted material and the implanted
regions can be selectively removed by wet etching. This
technique works at ion doses several orders of magnitude
lower than that applied for FIB milling. Furthermore, it may
provide a unique maskless, resist-free method of patterning
with a spatial resolution at the nanoscale. Narrow trenches in
InP have been formed by implanting a 100 keV Ga*-FIB
into the material and subsequently etching in HF based
solution.’ However, no report has been made on the studies
of electrical properties of electronic devices made with
FIBEE.

In this letter, we report on the fabrication of nanoelec-
tronic devices by FIBEE and on studies of their room-
temperature electrical properties. In the fabrication of de-
vices, we have employed a 30 keV Ga* ion beam, since FIB
at this energy has become commonly available in state of the
art dual beam systems containing an FIB and a scanning
electron microscope (SEM). We have chosen to produce
three-terminal ballistic junctions (TBJs)*™'® as model devices
due to the following considerations. First, TBJs exhibit a
unique nonlinear behavior, which has made them potential
candidates for future nanoelectronic devices. Second, this be-
havior is directly related to the ballistic nature of electron
transport, providing therefore a direct measure for the quality
of the produced structures. Third, their properties can be ob-
served at room temperature. In a TBJ, three closely spaced
point contacts form a junction. When biased in a push-pull
fashion, with voltage V; applied to the left contact and volt-
age Vp=-V, to the right contact, the voltage at the central
contact V- will always be negative when transport between
the left and right point contacts is ballistic.' (For a brief
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description of the operation principles of TBJ devices and
their perspective applications in future nanoelectronics, we
would like to refer the reader to Refs. 4 and 17.) The mea-
surements show that our fabricated devices exhibit the char-
acteristics of TBJs and therefore demonstrate that FIBEE is a
highly promising technique for the production of high-
quality nanoelectronic devices.

The starting material was an Inj;5Gag,5As/InP hetero-
structure, grown by metal-organic vapor phase epitaxy, with
a two-dimensional electron gas (2DEG) formed in the 9 nm
wide Ing75Gagy,sAs quantum well (QW) located nominally
41 nm below the surface. The electron concentration and
the mobility in the 2DEG were 4X10'"' cm™ and
9000 cm? V~! 57! respectively, at room temperature, deter-
mined by Hall measurements. These values give a room-
temperature electron mean free path of about 100 nm in the
2DEG at zero bias. Figure 1 shows a schematic view of the
layer structure of the material and the FIBEE process. Mod-
eling has shown that 30 keV Ga* ions can penetrate through
top InP layers to the Ing75Gag,sAs QW layer.]8 FIB implan-
tation was performed in a commercial FEI Nova NanoLab
600 dual beam system. All presented devices were written
with 30 keV Ga" ions at a beam current of 10 pA in single
pass exposures. Each written structure is within an area of
70X 70 wm?, as schematically shown in Fig. 2(a). The nar-

30 keV Ga*
FIB patterning

Selective etching
of implanted InP

InP 20 nm
InP:Si 1 nm
InP 20 nm

InGaAs QW 9 nm

e ) -

InP buffer 50 nm

InP:Fe substrate

— | B ]

FIG. 1. (Color online) Schematic view of the material layer structure and
FIBEE process. The beam of 30 keV Ga*-ions is implanted from top with
a desired pattern into the material. The ion implantation changes the struc-
tural properties of the material and the implanted regions are removed by
selective etching. The InGaAs QW is found to act as an etch stop.

© 2008 American Institute of Physics
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FIG. 2. (Color online) (a) Schematic view of a sample after FIB patterning
on top, where the TBJ fine structure and four surrounding milled markers
are shown. The buried 2DEG layer is indicated by straight red lines on the
side walls. (b) SEM image of the junction region in a TBJ device fabricated
by FIBEE. Here, trenches have a width of 50 nm and lithographically de-
fined widths of point contacts (i.e., shortest distances between the three
trenches) are 190 nm. Left (1), right (r), and center (c) branches are marked.
(c) Schematic view of a complete device, showing trenches formed by
FIBEE, and mesa and metal contacts formed by EBL. (d) Optical image of
a fabricated device. The mesa in the center has a size of 60 um. Milled
markers are visible in metal pads. The marker on the right metal pad was
used for EBL alignment. Sketches in (a) and (c) are not in scale; the fine
structures are exaggerated for clarity.

row constrictions for the TBJ were formed by bringing two
separated diagonal lines and a horizontal line closely to-
gether. In this simple geometry, the distance between the left
and right point contacts is roughly equal to the width of the
central point contact. In our experiments, the widths of the
point contacts in different devices in a range between 150 to
300 nm were lithographically defined. Furthermore, an auto-
mated procedure was used to optimize the ion beam focus
and astigmatism correction, since the transport characteris-
tics of the fabricated devices are strongly influenced by
asymmetries in beam shape, as discussed below. The subse-
quent selective etching was done in a 10% HF solution for
20 min at room temperature. The critical line dose for selec-
tive etching of the implanted material was found to be 1
X 108 em™!. Doses smaller than that will make the wet etch-
ing impossible. The line dose used for definition of our TBJ
devices was 2.5X 10® cm™!, yielding trenches with a width
of about 50 nm. Atomic force microscope measurements
showed that the trenches have a depth of 30 to 40 nm, in
consistence with the total thickness of the InP layers on top
of the QW. Furthermore, the bottom of the trenches is flat.
Therefore, the InGaAs acts as an etch stop. Figure 2(b)
shows an SEM image of a TBJ structure fabricated by the
FIBEE process.

Mesa and contacts were made by two steps of electron
beam lithography (EBL), using the FIB milled markers as
shown in Fig. 2(a) for alignment. First, we used negative
resist ma-N 2403 and Br,/HNO;/HBr/H,O etch solution to
form a square mesa with a size of 60 um and a height of
more than 200 nm. In the second EBL step, using positive
resist ZEP520A7, Au/Ge/Au (20/60/120 nm) contacts to the

Appl. Phys. Lett. 93, 133110 (2008)

T T T T T 60
0 “Ne
20 —
P— <:‘
S E
= El 20 &
a o
- -
=3 0o 3
0. (]
) ©
g 20 C
4 C
g"’ Ve and I g _402
v = ==Vgand I ¢ (@)
— =V and lcg
4 L 1 ! ! L 60

-4 -2 0 2 4
Push-pull voltage (V)

FIG. 3. (Color online) Electrical measurements of a TBJ device with the
fine structure shown in Fig. 2(b). Solid curves show the measured voltage
V at the central terminal and current flow 1, between left and right termi-
nals with voltages V, and Vj applied to the left and right terminals in a
push-pull configuration with V;=-V. Here the plots for Vi and I;; are
made against voltage V;. Short-dashed curves show the corresponding mea-
surements of voltage Vi and current /; ¢, with biases V; ==V applied to the
left and central terminals. Long-dashed curves show the measurements of V;
and I, with push-pull biases V=—V} applied to the central and right ter-
minals. The plots for V; and I in this asymmetric bias configuration are
made against the applied voltage V.

2DEG reservoirs of the devices were made by thermal
evaporation, lift-off, and subsequent annealing. Figure 2(c)
shows a schematic view of a complete device and Fig. 2(d)
shows the optical microscope image of a fabricated device.
Electrical measurements of the fabricated devices were
performed at room temperature in the circuit setup as shown
in Fig. 2(d). Figure 3 shows the results of the measurements
for the device with central region as shown in Fig. 2(b), in
which all three point contacts have a lithographically defined
width of 190 nm. When biased in a push-pull fashion, with
voltage V; applied to the left terminal and voltage Vy=-V,
applied to the right, the voltage at the central contact V.
shows a down-bending behavior (see the solid down-bending
curve in Fig. 3), i.e., the ballistic transport characteristic of a
TBI.* A linear behavior of the output voltage is observed at
small biases, V;=—0.5 to 0.75 V, and therefore, diffusive
transport dominates the behavior of the device in this small
bias region, in consistence with the fact that the junction size
is larger than the electron mean free path (~100 nm) of the
system. However, because of large-bias-induced enhance-
ment in the electron mean free path,]2 ballistic electron trans-
port becomes dominant in the device at higher voltages. The
rather symmetric behavior seen in the measured V-V, curve
can be explained by the symmetric structures of the junction
and of the measurement setup. The V-V, curve turns to
asymmetric when the measurements were performed in
asymmetric configurations. This is manifested by the results
shown by two dashed curves in Fig. 3. In the measurements
for the short-dashed voltage curve, the bias voltage was ap-
plied between the center and left terminals in a push-pull
fashion with V; ==V, and the output V was recorded at the
right terminal, while in the measurements for the long-
dashed voltage curve, voltages were applied to the right and
central terminal with V-=-V; and voltage V; was recorded.
Clearly, the measurements in both cases yield asymmetric
output voltage curves, with an overshooting into a positive
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FIG. 4. (Color online) Electrical measurements of four TBJ devices made
by FIBEE with different lithographically defined point contact widths. In the
measurements, voltages are applied to the left and right terminals in a push-
pull fashion with V; =—Vj, while the voltage at the central terminal V. and
the current flow between the left and right terminals /; ; are recorded. Device
1 is the same device as in Fig. 3 and has a lithographically defined point
contact width of 190 nm, while devices 2, 3, and 4 have lithographically
defined point contact widths of 220, 250, and 280 nm, respectively.

voltage range and the preserved down-bending behavior, as
predicted in Ref. 4. Furthermore, the horizontal shifts of the
two curves of about =0.6 V are again mirror symmetric,
due to the symmetry of the junction structure. Figure 3 also
shows the measurements for the current flows between bi-
ased contacts. For all bias configurations the current rises
sharply with increasing bias voltage and saturates at a value
between 20 and 40 wA. The sharp increase in current for
small biases is explained by an increase in the number of
electrons with sufficient energy to pass the energy barrier
imposed by the narrow constriction of the injection point
contact. When the bias is high enough, all electrons between
the Fermi level and the conduction band edge can pass the
constriction and a further increase in bias does not lead to an
increase in the number of electrons available for passing
through the constriction. A saturation in the current therefore
oceurs.

Figure 4 shows the electrical measurements for other
three TBJ devices made with the FIBEE technique together
with the measurements for the device shown in Fig. 3 (de-
noted as device 1) for comparison. These three devices were
made on the same wafer and with the same ion beam focus
and astigmatism correction as for device 1. However, litho-
graphically defined point contact constriction widths were
different, 220 nm in device 2, 250 nm in device 3, and 280
nm in device 4. In all the three devices, the measured current
flow between the left and right terminals as a function of the
bias between the two terminals shows similar behavior as in
device 1. Also, in the voltage measurements, these devices
show, as expected, the rectifying characteristics of TBJs at
large-bias voltages and diffusive transport characteristics at
small bias voltages. However, when compared with device 1,
these three devices exhibit a strong asymmetric behavior in
the measured output voltage from the central terminal under
the push-pull configuration of voltages applied to the left and
right terminals, with an overshooting of voltage V. up to 1.5
V and a shifting of the V-V, curve up to 2.5 V. Although
there is no clear trend in the measured electrical properties

Appl. Phys. Lett. 93, 133110 (2008)

that can be attributed to the junction size, we have found that
a TBJ made by an ion beam with a considerable astigmatism
exhibits a stronger asymmetry in the measured V-V, curve.
This can be explained by the process-induced structural dif-
ferences in the trenches and point contacts. Device 1 was
made on the wafer in a region closest to the point where the
beam focus and astigmatism correction were optimized,
while the other devices were produced at different positions
on the wafer with the same beam parameter settings and
thus, the beam was not optimal for the production of sym-
metric devices in these positions. The effect of ion beam
shape on the electrical properties of the fabricated devices is,
therefore, more pronounced than the nominal junction size
defined by FIBEE. The importance of ion beam shape con-
trol and adjustment in FIB related technology has also been
shown for Si process.lg

In conclusion, we have applied the technology of FIBEE
to fabricate electronic devices with feature sizes of 50 nm.
The measured electrical properties of the fabricated devices
show the characteristics of ballistic electron transport. The
control and adjustment of the ion beam shape were found to
be the most critical factor for the device performance. This
work demonstrates an emerging maskless, resist-free tech-
nology for fabrication of nanoelectronic devices and should
stimulate applications of the FIB technology in general.
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ported by the Swedish Research Council (VR), the Swedish
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Three-terminal ballistic junctions (TBJs): new building blocks for functional
devices

Present electronic circuits are primarily built from field-effect transistors (FETs)
with the gate length in the deep sub-micrometer region. As device-feature sizes
approach the nanometer scale, physical constraints and increasingly prohibitive
economic costs will make further miniaturization difficult.

This has motivated efforts worldwide to search for new strategies to meet the expected
demands of the future. In the strategy for device fabrication, bottom-up approaches to
electronic devices with well-defined nanoscale building blocks have been demonstrated. An
alternative strategy is to develop new device concepts by making a revolutionary departure
from the FET-based paradigm. The approach must exploit the emerging inherent properties of
nanostructures.

TBJ device ;
In a recent work, we report on a paradigm based on nanoscale TBJs, in which the ballistic
nature of electron transport is exploited. The TBJs were fabricated from a high-mobility

InP/InGaAs heterostructure. The voltage output from the central branch is measured as a
function of the voltages applied to the left and right branches of the TBJs. The measurements
show that the TBJs possess nonlinearity, which is inherent to the ballistic transport in the
structures. Based on this nonlinearity, novel room-temperature functional frequency mixer and
phase detector are realized.

- 19
The ballistic electronics team

The realization of these TBJ devices together with previously demonstrated TBJ logic gates
implies that TBJs can be used as new building blocks in nanoelectronics. The challenges for the
near future include demonstration of TBJ circuit integrations and realization of the TBJ family
of devices in silicon materials and with bottom-up approaches.
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Abstract

Three-terminal ballistic junctions (TBJs) are fabricated from a high-mobility
InP/Ing 75Gag 25 As heterostructure by electron-beam lithography. The
voltage output from the central branch is measured as a function of the
voltages applied to the left and right branches of the TBJs. The
measurements show that the TBJs possess an intrinsic nonlinearity. Based on
this nonlinearity, a novel room-temperature functional frequency mixer and
phase detector are realized. The TBJ frequency mixer and phase detector are

expected to have advantages over traditional circuits in terms of simple
structure, small size and high speed, and can be used as a new type of

building block in nanoelectronics.

1. Introduction

Three-terminal ballistic junctions (TBJs) [1-3] and derived
structures [4-6] are emerging nanoelectronics devices [7-9].
Recently, it has been predicted theoretically [1] and verified
experimentally with devices made from semiconductor
heterostructures [2, 3, 10] that TBJs exhibit new kinds
of electrical properties, different from what one would
expect from a three-terminal circuit built with conventional
conductors. In a TBJ, the voltage output, V¢, from the central
branch is a nonlinear function of the voltages, Vi and Vg,
applied to the left and right branches [1-3]. Similar phenomena
have been observed in branched carbon nanotubes [11-13].
By virtue of this nonlinearity, rectification devices [14],
triodes and logic devices [15] and frequency-multiplication
devices [16] have been realized with TBJs. Since there is
negligible scattering in the internal parts of TBJ devices, the
heat dissipation, namely the power consumption, is small
compared to conventional devices. TBJ devices also have the
advantage over conventional circuits in terms of small size,
high intrinsic operation speed and reduced circuit complexity

3 Author to whom any correspondence should be addressed.

0957-4484/07/195205+06$30.00

for implementing a given function. In addition, unlike most
other nanoelectronic devices, TBJ devices can operate at room
temperature. In this paper, we report on the realization of a
novel, room-temperature functional frequency mixer and phase
detector with TBJs.

Frequency mixers and phase detectors are two essential
elements in telecommunication circuits and devices. A mixer
usually has three ports, which are called local oscillator (LO),
radio frequency (RF) and intermediate frequency (IF) ports. At
the IF port, one can get the target frequency (usually the sum or
the difference frequency of the LO and RF signals) by filtering
out unneeded frequency components. A typical example can
be found in the superheterodyne receiver. By tuning the LO
frequency of the receiver, a selected RF signal can be converted
to a signal of a desired IF frequency, which can be dealt with by
a built-in amplifier. In order to achieve the sum or difference
frequency of the two inputs, a nonlinear circuit is needed.
Traditionally, a mixer can be built by nonlinear elements,
such as Schottky diodes [17] and transistors. Despite the
fact that microelectronic mixer circuits have been developing
for several decades, the development of nanoelectronic mixers
is only at its initial stage. Recently, some nanomixers

© 2007 IOP Publishing Ltd  Printed in the UK
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Figure 1. A three-dimensional AFM image of the fine structure part
of a TBJ device and a schematic for the measurement circuit set-up.
Here the three branches and an in-plane gate (labelled by L, R, C and
G) are clearly shown. The in-plane gate is not used in this work.

based on single electron transistors [18, 19], double quantum
dots [20] and four-terminal ballistic crosses [21, 22] have
been demonstrated. In this work, we investigate the electrical
properties of TBJs, made on a ITII-V two-dimensional electron
gas (2DEG) material, and show that a single TBJ can function
as a frequency mixer at room temperature. Our fabricated TBJ
mixers are expected to operate at very high frequencies such as
GHz [23] or even THz frequencies [24].

As a special case of the frequency mixer applications, a
single TBJ can be employed as a phase detector as well. Phase
detectors are the most essential part of a phase lock loop (PLL)
circuit. PLLs are widely used in telecommunication systems
such as carrier synchronization, carrier recovery, frequency
division and multiplication, and modulation/demodulation.
PLLs maintain coherence between the input (reference) signal
frequency and the output (synchronized) signal frequency via
phase comparison. Phase detectors sense the phase difference
between the reference signal and the synchronized signal,
serving as error amplifiers in the feedback systems of the PLLs.
In conventional microelectronics, phase detectors are made of
nonlinear circuit elements such as a multiplier. In this paper,
we will show that the TBJs provide the simplest device concept
for the phase difference detection in AC (alternating current)
nanoelectronic circuits.

2. Nanodevice fabrication

The TBJ devices were made from a modulation-doped
InP/Ing 75GagrsAs heterostructure grown by metal-organic
vapour phase epitaxy [25]. High-quality 2DEG was formed
in a 9 nm-thick Ing75Gag5As quantum well, situated 40 nm
below the surface and separated from the semi-insulating InP
substrate by a 50 nm thick, undoped InP buffer layer. At
room temperature, the carrier concentration and mobility in the
2DEG, determined from Hall measurements in the dark, were
about 5 x 10'"" em=2 and 1.3 m?> V~! s7!, respectively, which
gave an electron mean free path of the 2DEG of about 150 nm
at zero bias (the linear response transport regime). Electron-
beam lithography and wet chemical etching were used to define

Vg=1.5V
Room temperature

-2 T T T

vL(v)

Figure 2. Measured voltage output V¢ from the central branch of the
TBIJ as a function of voltage V}_ applied to the left branch at several
fixed values of voltage Vi applied to the right branch under the static
condition (push-fix operation). The measurements represent the
intrinsic nonlinearity of the TBJ. The specific measured curve where
the right branch was grounded is marked with a thick (red) line.

(This figure is in colour only in the electronic version)

the TBJs on standard mesas with Au/Ge ohmic contacts. The
trenches were etched about 70 nm deep, down to the undoped
InP buffer layer. An atomic force microscope (AFM) image
of the central part of a TBJ and a schematic illustration for
the measurement circuit set-up are shown in figure 1. Three
quantum point contact (QPC) defined branches and an in-plane
gate (labelled by L, R, C and G) are clearly seen. The three
point contacts were about 120 nm wide. The distance between
the left and right point contacts was about 170 nm, which was
slightly larger than the zero-bias mean free path of electrons
in the material at room temperature. However, we note that,
at room temperature, the dominant scattering for electrons
in the material is phonon scattering. Under a large negative
bias, the injected electrons can have very high momenta and
it requires an accumulation of many phonon scattering events
for the electrons to lose their momenta. It has been shown that
the effective transport mean free path of the electrons can be
enhanced to several micrometres in the TBJ structures made
from the same material by applying a negative bias of the
order of —1 V [26]. Therefore, the transport between the left
and right point contacts is expected to be ballistic or quasi-
ballistic in our TBJ devices. The in-plane gate was not used
in this work. For further details about our 2DEG material and
nanofabrication method, we refer to [25, 27].

3. Static nonlinear electrical properties of TBJs

The fabricated TBJ devices were electrically characterized
by measuring the central branch voltage Vi as a function
of the applied voltage V|, to the left contact at fixed values
of the voltage Vi applied to the right contact (the push-fix
configuration of measurements). These characterizations and
all the electrical measurements presented in this work were
performed at room temperature. Figure 2 shows the results
of the characterization for a typical TBJ device as shown
in figure 1. By stepping Vg, we got a series of nonlinear
curves, as displayed in figure 2. The curve where the right
branch was grounded is marked with a thick solid (red) line.
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Figure 3. A three-dimensional surface plot for V¢ as a function of V.
and V under the static condition measured at room temperature for
the same TBJ device as in figure 2. The ‘pyramid’ is composed of
40000 data points, reflecting the intrinsic nonlinearity of the
nanodevice.

The results are in good agreement with the ballistic transport
theory calculations [1], but are in total contrast to what one
would expect for a three-terminal device built from ohmic
(with diffusive electron transport) conductors.

Intuitively, those results can be understood as follows.
While Vg is fixed, if Vi, < Vg, electrons will be injected
from the left to the central contact. Since the central contact
serves as a voltage probe and thus there should not be any
net current passing through the central branch, electrons of
the same amount should, after thermal relaxation, transmit
from the central contact to the right contact. In a symmetric
TBIJ structure and under the ballistic transport condition, the
transmissions between the left and central contact and between
the central and the right contact can be assumed to be equal and
are increased with increasing electron injection energy at room
temperature [28]. Thus, under the Vi, < Vg bias condition,
the probability for electrons to transmit from the left to the
central contact is larger than that from the central to the right
contact. As a result, in order to maintain the zero net current in
the central branch, the electrochemical potential in the central
contact needs to be increased and thus the voltage in the contact
Ve is shifted downward to a value closer to the voltage V.
If VL > Vg, the right branch of the TBJ will be the electron
source. In this case, V¢ will stay at a value closer to Vi, instead
of Vi, and will approximately maintain at a constant value
after Vi, becomes large and positive so that the electrochemical
potential (the energies of all electrons) in the left contact are
well below the potential bottom in the left branch.

In order to characterize of the nonlinearity of the TBJ
more thoroughly, Vg was also nearly continuously varied, and
a three-dimensional surface plot for Vc(Vy, Vr), as shown
in figure 3, was obtained. According to the conventional
diffusive transport model, one would have Vo = (VL + Wr)/2
and, consequently, a planar plot for Vco(Vy, Vr). However,
here we see a nonlinear ‘pyramid’, which strongly reflects
the ballistic nature of the electron transport in our TBJs.
Figure 3 contains 40 000 experimental data points altogether.
Fixing the value of Vg, one can easily get the push-fix output
characteristics. By doing a 2D least square polynomial fit,
we attain the Taylor series, Vo = —0.0717 + 0.5154V;, +
0.4778Vk — 0.2563V3 + 0.5581Vi.Vg — 0.2707V
0.0028V + 0.0074V2Vk — 0.0090V,VZ + 0.0104Vy
0.0124V;* — 0.0819V;’ Vx + 0.1378V2V;Z — 0.0884 V. V}
0.0087Vy — 0.0002V7 — 0.0004V;*Vx + 0.0021VV;

I+ + 1

0.0012V2V{ + 0.0008V, Vi — 0.0024V7 + 0.0005V}® +
0.0008 V> Vg — 0.0106V;* Vi 4 0.0216 V2 Vi — 0.0132V2Vid +
0.0009VL Vi + 0.0024V{ + ---. Here we note that, in the
Taylor series expression, all the quantities Vi, Vg and V¢ are
expressed in units of volts. Higher-order items are omitted in
the expression, because most of their coefficients are smaller
than 0.001. It can be seen that the second-order cross term is
considerably large, making the device suitable for frequency
mixing and phase detection applications.

4. Frequency mixing functionalities

The following is an example of the TBJ devices, as
shown in figure 1, working as a down-conversion frequency
Using two HP 33120A waveform generators, at
room temperature, we applied two sinusoidal signals with the
amplitude of 1 V to the left and right branches of a TBJ,
respectively. The central lead output voltage was recorded
with an Agilent 54622A oscilloscope. Figure 4(a) shows
the waveform of the output Ve when a 9 kHz (RF) and a
10 kHz (LO) signal were applied to the left and right branches
of the TBJ. It is clearly seen in the figure that the most
pronounced oscillations are of 1 ms period, corresponding
to a target frequency of 1 kHz in the output from the IF
port. The mean value of the oscillations is at —0.21 V,
which appears due to the DC offset caused by the frequency
mixing procedure. Figure 4(b) is the same V¢ output signal
translated to the frequency domain by discrete fast Fourier
transform (FFT) based on the Cooley—Tukey algorithm [29].
The original frequencies, 9 kHz (RF) and 10 kHz (LO), and
the sum and difference frequencies, 19 kHz and 1 kHz (IF),
as well as the DC (direct current) components, can be well
resolved. Obviously, the amplitude of the target frequency
(1 kHz) component is much larger than that of higher frequency
components and the target signal should be able to be extracted
out by applying a low-frequency pass filter. The mixer gain,
defined by the amplitude ratio between the target and origin
signals, is about 0.26. We can also extract the V¢ output
curves from the static measurements shown in figure 3, both
in time and frequency domain (results not shown). The mixer
gain was obtained, from the extracted data, to be 0.24, which
is in good agreement with the measured data. Note that
in the thick red curve in figure 2, for example, if Vi, only
varies within the positive (or negative) voltage region, the
electrical output V¢ will be roughly a linear function of V.
However, in the frequency mixing measurements, as well as in
the phase detection measurements shown below, all the input
AC signals are oscillating with an amplitude of 1 V, centring
around 0 V. Therefore, they sweep across the nonlinear region
in figure 2, which makes the frequency mixing and phase
detection possible. Phenomenologically, the mixer behaviour
of the TBJs can be easily explained using the Taylor series
expansion equation, Vo = a; + aaVi + a3Vr + a4VL2 +
asViVr + ag VR2 + ---. For two AC input signals, V| and Vg,
with frequencies of fi. and fg, the cross term, Vi Vg, gives the
fu+ frand fi, — fr frequency components in the output Vc.

We also measured the AC output V¢ from the TBJ device
when two signals of frequencies 9 MHz (RF) and 10 MHz (LO)
were applied to the left and right branches. The results before
and after the FFT data processing are shown in figures 4(c)

mixer.
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Figure 4. Frequency mixing functionality of the TBJ device. (a) and (b) show the measured AC output V¢ from the central branch in time
domain and frequency domain, respectively, for a 9 and a 10 kHz sine-wave signal applied to the left and right branches. (c) and (d) are the
same as (a) and (b) but for a 9 and a 10 MHz sine-wave signal applied to the left and right branches.

and (d). Basically, they provide the same frequency mixing
characteristics as in figures 4(a) and (b). The target signal
component at 1 MHz (IF) was again seen to be stronger
than the signal components at other frequencies, indicating
a good frequency mixing effect. Nevertheless, a significant
signal decay is seen in the MHz frequency region. We
ascribe this decay to the following two reasons. Firstly, it is
well known that the high frequency AC measurements of the
nanodevices encounter an impedance mismatch problem [30].
Nanoelectronic devices generally have a high impedance value
of the order of the resistance quantum Rq = h/Ze2 ~ 12.9k<,
which is considerably larger than the desired value of 50 Q2 by a
standard high-frequency measurement set-up [31]. Therefore,
the electrical measurements of nanoelectronic devices are
usually feasible to the low frequency regime [32]. Secondly,
since our TBJs were made by chemical etching and the
surfaces of the semiconductors were exposed to the air, many
surface states were created. Those surface states could lead
to large parasitic capacitances of the device and thus make
the mixer fail to respond to very high frequency signals.
Surface passivation could be used to remove the surface charge
states. However, despite some recent progress [33-35], the
passivation technology for most III-V semiconductors has
not been established yet. Thus it would be very interesting
to demonstrate the frequency mixing functionality of the
device using TBJs made with silicon materials which have
the high quality native oxide to passivate surfaces. Finally
we would like to note that, due to the limits of our currently
available instruments, we could not measure the frequency
mixing performances of our TBJ devices at even higher
frequencies. However, by the nature of the ballistic transport,
it is reasonable to expect the TBJ-based mixers to operate in
the GHz [23] or even the THz [24] regime.

5. Phase detection functionalities

In electronics, a phase detector is a nonlinear circuit whose
time average (DC) output, Vou, is a function of the phase
difference, A¢, between its two inputs (with the same
frequency and amplitude). The slope of the V‘,u[—Aqb curve
is defined as the phase detection gain. When two AC signals,
VL and Vg, of the same frequency and amplitude are applied
to the left and right branches of a TBJ device, the cross
term Vi Vg in the Taylor series expansion of V- contains the
information about the phase difference between the two inputs.
Furthermore, if only the lowest-order cross term is present
in the Taylor series expansion, it can easily be derived that
the time-averaged output voltage V¢ versus A¢ (the phase
difference) is a sinusoidal function when the two AC inputs are
sine waves, while it is a triangular function when the two inputs
are square waves. This may not be the case in a real TBJ device
where high-order cross terms are present in the Taylor series
expansion. Figures 5(a) and (c) show the phase difference
detection properties of the same TBJ device, as studied above,
in the kHz frequency range. To establish the relation between
Ve and A¢, we apply two signals, VL = A x FQrft + ¢oL)
and Vg = A X F[2r(f 4+ Af)t + ¢or] with a small frequency
difference of Af = 0.2 Hz, to the left and right branches of
the TBJ, where A = 1V, f = 10 kHz and F represents a
sine or a square wave function. If we treat the two signals
as the input signals with the same frequency f, the phase
difference of the two input signals can then be written as
A¢p = 2 Aft + (por — Por) and is therefore a slow time-
dependent function (with a period of At = 5 s). In figure 5(a),
we plot the measured V¢ as a function of the phase difference
A¢ when two sine-wave signals were applied to the TBJ. Here
the signal V¢ was obtained by averaging the measured AC



Nanotechnology 18 (2007) 195205

J Sun et al

0.1 0.1
0.0 (@ 0.0 (b)
S 04 S 04
S 02 S 0.2
S S
o 03 o -03
> >
0.4 -0.4
05 10 kHz 05 10 MHz
1 2 3 4 5 € 1 2 3 4 5 6
Phase Difference (n) Phase Difference (n)
0.2 (c) 0.2 (d)
s 0.0 s 0.0
g -0.2 g -0.2
S S
5 04 5 04
> >
-0.6 -0.6
08 10 kHz P 10 Msz , ' , ,
1 2 3 4 5 6 1 2 3 4 5 ¢

Phase Difference (r)

Phase Difference (n)

Figure 5. Phase detection functionality of the TBJ device. Voltage outputs V¢ from the central branch are plotted as functions of the phase
difference A¢ for ((a) and (b)) two sine-wave signals and ((c) and (d)) two square-wave signals. The frequency of the two inputs in (a) and (c)
is 10 kHz, whereas that in (b) and (d) is 10 MHz. The upper two curves are approximately sine-like and the lower two triangle-like.

output with an integration time of 10 ms (i.e. by averaging
over 2000 measured AC data points), much shorter than the
period Af. As is expected, we see a sine-like waveform
output in figure 5(a). The measured maximum and averaged
absolute values of the phase detection gain were about 0.38 and
0.16 V rad™!, respectively. To compare, we have calculated
the expected TBJ central branch output V¢ from the static
properties displayed in figure 3 (results not shown) and found
that the expected maximum and averaged absolute values of
the phase detection gain were about 0.26 and 0.16 V rad™!,
respectively.

Figure 5(b) shows the phase detection functionality of
the TBJ with input sine-wave signals in the high radio-
frequency range. Here, two sine-wave signals of 10 MHz and
10.0002 MHz were applied to the left and right branches of
the TBJ. Thus, when the two inputs were assumed to be of the
same frequency (10 MHz), the phase difference A¢ was then a
time-dependent, periodic function with a period of At = 5 ms
(i.e. 200 Hz in frequency). The measured curve shown in
figure 5(b) was obtained by averaging the measured AC output
with an integration time of 10 us (again corresponding to
averaging over 2000 AC output data points). In this 10 MHz
frequency regime, the V c—A¢ curve of the TBJ phase detector
still resembled well a sine function. The measured maximum
and averaged absolute values of the phase detection gain were
found to be about 0.34 and 0.13 V rad ™!, respectively, which
are again comparable to the extracted values of 0.26 and
0.16 V rad™" from the static measurements. Here we see that
the loss in the phase detection signal V¢ in the 10 MHz range
is small. This provides strong evidence that, even in this high
radio-frequency (10 MHz) range, most of the input AC signals
can be successfully sent into the TBJ for nonlinear processing
(frequency mixing or phase detection). However, we note
that, in our measurements, only the DC and low frequency
components of the signal output from the central branch of the

TBJ can be recorded efficiently, whereas the high-frequency
AC components suffer from heavy losses due to the impedance
mismatch of the TBJ nanodevice to our currently available
measurement set-up.

We have also measured the phase detection properties of
the TBJ device with square-wave inputs. Figures 5(c) and (d)
show the results of the measurements in both the 10 kHz
and the 10 MHz frequencies using the same set-up and data
processing method as in the sine-wave input cases. Good
phase detection properties were also observed for the square-
wave inputs. The Vc—Ag¢ curves showed good triangle-like
waves as expected. The maximum and averaged absolute
values of the phase detection gain of the TBJ device were
about 0.49 and 0.25 V rad~! for the 10 kHz square-wave inputs
(figure 5(c)) and about 0.39 and 0.16 V rad~! for the 10 MHz
square-wave inputs (figure 5(d)), respectively. For comparison,
the corresponding values of the phase detection gain were
extracted from the static measurement plot in figure 3 and were
about 0.29 and 0.27 V rad ™', respectively. Finally we would
like to note that, under in-phase condition, the central branch
DC output V¢ should be zero after the time average. However,
in the curves shown in figure 5 this value is slightly positive.
This can be explained as follows. When electrons are injected
into the central branch from the left and right branches, charges
can build up in the junction region and impede the following
injection. On the other hand, it is much more expeditious for
electrons to leave the central lead for the other two. Thus, in
a time average, the electrochemical potential (voltage) of the
central probe contact is slightly decreased (increased).

6. Conclusion

In this paper, it has been demonstrated, for the first time, that
nanometre-scale TBJs can function as a frequency mixer and
phase detector at room temperature. The TBJ devices used for
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frequency-mixing and phase-detection studies were fabricated
on a modulation-doped InP/Ing 75Gag 25 As heterostructure by
electron-beam lithography and wet chemical etching. The
fabricated devices were electrically characterized by DC and
AC measurements and showed good, reproducible frequency-
mixing and phase detection functionalities. Due to the limits
of our measurement set-up, we have only demonstrated the
operation of these TBJ devices at frequencies up to high radio
frequencies. However, as a result of the ballistic nature of
electron transport, those devices are expected to function at
much higher operation speed [23, 24]. All those results,
together with many earlier studies, show that TBJs can be used
as a new family of basic elements in nanoelectronic integrated
circuits.
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ABSTRACT

We investigate electrical properties of self-assembled branched InAs nanowires. The branched nanowires are catalytically grown using chemical
beam epitaxy, and three-terminal nanoelectronic devices are fabricated from the branched nanowires using electron-beam lithography. We
demonstrate that, in difference from conventional macroscopic junctions, the fabricated self-assembled nanowire junction devices exhibit
tunable nonlinear electrical characteristics and a signature of ballistic electron transport. As an example of applications, we demonstrate that
the self-assembled three-terminal nanowire junctions can be used to implement the functions of frequency mixing, multiplication, and phase-
difference detection of input electrical signals at room temperature. Our results suggest a wide range of potential applications of branched

semiconductor nanostructures in nanoelectronics.

Nanoelectronic elements made from self-assembled semi-
conductor nanowires are considered nowadays as one of the
most promising alternatives to conventional electronic ele-
ments fabricated using lithography methods and tech-
niques.'= Recently, growth of branched nanowires has been
demonstrated in different semiconductor material systems.*2°
However, electrical properties of these self-assembled branched
nanowires have rarely been studied.!’ Here we report on a
study of the electrical properties of three-terminal junction
devices made from self-assembled branched InAs nanowires.
‘We show that the self-assembled nanoscale junctions exhibit
tunable nonlinear electrical characteristics and a signature
of ballistic electron transport. Thus, the branched nanowire
junctions can provide a variety of applications in future
nanoelectronics. As an example, we demonstrate in this work
that the self-assembled three-terminal nanowire junctions can
be used to implement the functions of frequency mixing,
multiplication, and phase-difference detection in nanoelec-
tronic circuits at room temperature.

The branched self-assembled nanowires were catalytically
grown using chemical beam epitaxy (CBE) in two steps.?!??
The first step was the growth of vertical InAs nanowire
trunks. For this step of growth, gold seed particles with
diameters of about 70 nm were produced with an aerosol
method? and deposited on an InAs (111) B substrate with a
deposition density of 0.5 particles/um?. The nanowire growth

* Corresponding author. E-mail: Hongqi. Xu@ftf.lth.se.
 Solid State Physics.
# Polymer & Materials Chemistry/nCHREM.

10.1021/nl073193y CCC: $40.75
Published on Web 03/21/2008
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was carried out at 435 °C. Trimethylindium (TMIn) and
tertiarybutylarsine (TBAs) were used as the growth sources.
The source pressures in lines before the inlet valves during
the growth were pas = 200 Pa for TBAs and pr, = 15 Pa for
TMIn. The lengths of the grown nanowire trunks were about
1.7 um, and the diameters of the trunks, determined by the
aerosol catalyst particle sizes, were found to be about 80
nm. After a second isotropic aerosol Au particle deposition,
InAs nanowire branches were grown on the trunks. For this
second growth step, aerosol particles with diameters of about
40 nm were deposited with a deposition density of 1 particle/
um? on the substrates with the grown trunks. Nanowire
branches were grown on the trunks for 25 min under a similar
condition as for the growth of the trunks. The grown
nanowire branches had a diameter of about 55 nm, and
typically they grew faster at the base section of the trunks
than on the top. Figure la shows a transmission electron
microscope (TEM) image of some typical InAs nanowire
junctions grown for this work. Figure 1b shows a high-
resolution TEM image of the junction region of a branched
nanowire. The image indicates that the grown branched InAs
nanowire junctions had a wurtzite crystalline structure with
some occasions of thin cubic sections or stacking faults. The
nanowire trunks were grown in the [000—1] direction, while
the branches were grown perpendicularly to the trunks in
(1120) directions.

After growth, branched nanowires were mechanically
transferred onto the surface of a highly doped Si substrate



.“!'.n

Figure 1. (a) Low- and (b) high-resolution TEM images of some
InAs branched nanowires grown by CBE. The InAs branched
nanowires had a wurtzite structure. The nanowire trunks were grown
in the [000-1] direction, and the nanowire branches were grown
perpendicularly to the trunks in (1120) directions. The diameters
of the nanowire trunks and branches were controlled by the sizes
of Au seed particles produced by an aerosol technique, and the
nanowire trunks were thicker than the nanowire branches. In some
cases, a broadening around the base of a nanowire branch was
observed as can be seen in the region marked with a dashed circle
in (a), and thin cubic sections or stacking faults occurred in the
branched nanowires, as can be seen as straight stripe sections
perpendicular to the trunk in (b).

capped with a thermally grown 100 nm thick silicon dioxide
layer. Electrical contacts (NiAu metal electrodes) to branched
nanowires were fabricated by electron beam lithography
(EBL), metal evaporation, and lift-off. Further details about
the device fabrication can be found elsewhere.?*?> Scanning
electron microscope (SEM) images of some fabricated three-
terminal nanowire junction devices are shown in the insets
of Figures 2a and 3a. The fabricated nanowire junction
devices were characterized by the conductance measurements
between any two terminals in the linear response regime with
the third terminal left floating. Figure 2 shows the results of
the measurements for the device shown in the inset of Figure
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Figure 2. Measured conductances of a three-terminal InAs nanowire
junction device. (a) Conductances measured between any two
terminals of a nanowire junction device, with the third terminal
left floating, as a function of Vgg at 4.2 K in the linear response
regime. The inset shows an SEM image of the measured device.
In the device, the nanowire junction had a trunk diameter of about
90 nm and a varying branch diameter of about 80 nm at the base
side and about 70 nm at the contact side, and the separation between
the left and right metal contacts to the trunk was about 240 nm.
The device was slightly asymmetric with respect to the central
branch; the distance between the center of the nanowire branch
and the left contact was about 110 nm. (b) The same conductance
measurements for the device but carried out at room temperature.

2a as a function of voltage Vgg applied to the gate on the
backside of the Si substrate. For these measurements, we
used the lock-in technique at an excitation voltage of 100
uV (root mean square). The measured gate dependences of
the conductances indicated that conduction carriers in the
branched nanowire were n-type.

Functional, nonlinear electrical properties of the three-
terminal nanowire junction devices were studied by measur-
ing the voltage output at the branch terminal, Vp, as a function
of voltages Vi, and Vg applied to the left and right contacts
of the nanowire trunk (cf. the inset in Figure 3a). In the
following, we refer to measurements with antisymmetrically
applied voltages, Vi, = — Vg, as push—pull measurements and
measurements where one contact to the trunk is kept
grounded while sweeping of the voltage applied to the other
contact as push—fix measurements. We find that the nanowire
junction devices exhibit rich electrical characteristics. Parts
a and b of Figure 3 depict the results of the push—fix and
push—pull measurements at 4.2 K at different values of Vgg
for the device shown in the inset of Figure 3a, respectively.
In the push—fix measurements we find that for positive
values of Vjg the curves show an up-bending behavior [see,
e.g., the inset (+) of Figure 3a], and as Vpg is tuned toward
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Figure 3. Low-temperature electrical properties of a three-terminal
InAs nanowire junction device. (a) Measured voltage output Vp from
the central branch terminal of a three-terminal InAs nanowire
junction device as a function of the voltage Vi applied to the right
terminal in the push—fix configuration (i.e., with V. = 0) at different
values of the voltage Vg applied to the backside of the Si substrate
at 4.2 K. The upper-left and upper-right insets highlight the results
of the measurements at Vgg = —3.6 V and Vg = 10 V,
respectively. The lower inset shows an SEM image of the measured
device and a schematic of the electrical circuit setup for the
measurements. In this device, the nanowire trunk had a diameter
of 90 nm, the nanowire branch had a diameter of 50 nm, the
separation between the left and right metal contacts to the trunk
was about 200 nm, and the distance between the center of the
nanowire branch and the left metal contact was about 80 nm. (b)
Measured voltage output Vp from the central branch of the device
as a function of Vg applied to the right terminal in the push—pull
configuration (i.e., with Vi, = —Vg) at different values of Vgg at
4.2 K. The insets highlight the results of the measurements at Vg
= —3.6 V and Vg = 10 V, respectively.

negative values a down-bending region develops around Vi
= 0 mV [see, e.g., the inset (—) of Figure 3a]. Similarly,
the push—pull measurements show a down-bending behavior
around Vg = Vi, = 0 mV in a large range of values of Vgg
[see, e.g., the inset (—) of Figure 3b], while at sufficiently
large positive values of Vgg the measured curves show an
up-bending behavior [see, e.g., the inset (+) of Figure 3b].
Here we note that the asymmetry seen in the measured curves
in Figure 3b is due to an inevitable structural asymmetry in
the fabricated device.

1102

Ve (mV)

-100 -50 0 50 100
Vg (MV)

Figure 4. Electrical properties of a three-terminal InAs nanowire
junction device at room temperature. Measured voltage output Vp
from the central branch terminal of the InAs nanowire junction
device as shown in the inset of Figure 2a as a function of the voltage
Vg applied to the right terminal in the push—pull configuration (i.e.,
with Vi, = — V) at the voltages of Vg = —10 V and Vg = 10 V
applied to the backside of the Si substrate at room temperature.
The inset is a schematic representation of an equivalent circuit for
the self-gating effect observed in this work.

The rich gate-voltage-dependent electrical characteristics
of the branched nanowire junction devices reflect tunable
signatures of the carrier transport in three different regimes:
(i) diffusive regime where the electron mean free path [y,
is much smaller than the junction dimension /¢, (the length
between the source and drain contact pads on the trunk),
i.e., Intp < lien; (ii) ballistic regime where I, is comparable
t0 licn OF Imfp > licn; and (iii) a self-gating regime in which
electric field emanating from the contact pads causes carrier
depletion or accumulation in the nanowire regions close to
the contacts (see the inset in Figure 4 for a schematic). In
the fully diffusive regime the device can simply be modeled
as a resistor network, and Vp depends linearly on V;, and Vi.
In the ballistic regime of carrier transport,”® we can expect
a down-bending behavior in the measured curves of Vp
(V1,VR) in both push—pull and push—fix configurations.?’-*
The curvature of the down-bending curves is larger for lower
carrier density in the junction.”’2° On the other hand, the
self-gating effect (in the case of an n-type nanowire device)
leads to a local resistance increase in the nanowire region
close to a more negatively biased metal contact and a
resistance decrease in the region close to a more positively
biased contact. Thus, the probe voltage Vp shows an up-
bending behavior in both the push—pull and the push—fix
measurements.

At very negative back-gate voltages (Vgg < —4 V), the
carriers in the nanowire branch were completely depleted;
no reliable electrical measurements were possible. When the
back-gate voltage was increased to be just above Vgg = —4
V, the electrical conduction in the nanowire junction became
possible. However, at this rather low carrier density, the
electrical properties of the device at small bias voltages of
V1. and Vg were dominantly determined by diffusive transport
(see, e.g., the middle flat section of the curve measured at
Vec = — 3.9 V in Figure 3b and ref 35 for further discussion
about the measured curve). As the voltage Vg was further
increased, the carrier density in the nanowire became high
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Figure 5. Measured frequency mixing and phase detection functionalities of a three-terminal InAs nanowire junction device at room
temperature. Panels a and b show the results of frequency mixing measurements for the device shown in the inset of Figure 2a. The
measured output voltages Vp from the central branch of the device are plotted in (a) time and (b) frequency domains for two sinusoidal
input signals of the same amplitude (100 mV) but different frequencies (9 and 10 MHz) applied to the left and right terminals of the device.
The measured signal strengths at 1, 9, and 10 MHz were about 0.14, 0.71, and 0.83 mV, respectively, and were truncated in (b). Panel ¢
shows the results of phase detection measurements for the same device. In the measurements, two sinusoidal input signals of the same
amplitude (100 mV) and frequency (1 MHz) were applied to the left and right terminals of the nanowire junction device, and the output
voltage (Vp), from the central branch terminal, averaged with an integration time of 10 us, was recorded as a function of the phase difference
Ag of the two input signals. In all the measurements for the results shown in this figure, a voltage of Vgg = 10 V was applied to the back

gate.

enough to screen carrier scattering from impurities, defects,
surface damages, etc. Thus, the carrier mean free path in
the junction was increased, and the device showed the
signature of ballistic transport in the small applied bias region
(see the curves measured at —3.9 V < Vg < 0 V in Figure
3). When the voltage Vg became sufficiently high (see the
curves measured at Vgg > 0 V in Figure 3), the measured
Vp showed an up-bending behavior, indicating that the self-
gating effect starts to play a dominant role in the determi-
nation of the electrical properties of the nanowire junction
device. Here we would like to note that the nature of ballistic
transport was still present in the device in this high back-
gate voltage range. However, the effect, which would lead
to a down-bending curve of Vp vs Vi and Vg, could not be
directly seen in Figure 3 in this back-gate voltage range. This
is because a higher back-gate voltage should give a larger
carrier concentration and thus a smaller curvature in the
ballistic down-bending curve.?-?* Thus, the ballistic down-
bending behavior was much weaker than the up-bending
behavior arising from the self-gating effect in this high back-
gate voltage range. As a consequence, one could only observe
in Figure 3 an overall up-bending behavior in the measured
curve of Vpvs Vi and Vg in this high back-gate voltage range.

In the region where large bias voltages of Vi, — Vil were
applied between the left and right contacts of the nano-
wire junction, the ballistic nature of electron transport in the
device was suppressed, and the electrical properties of the
device were dominantly determined by diffusive electron
transport and the self-gating effect (see the transitions from
the down-bending behavior at low bias voltages to a linear
behavior at high bias voltages or an overall up-bending
behavior in Figure 3a,b). This occurs as a result of electron
transfer into high-energy valleys by intervalley scattering in
the nanowire junction. It is known that the electron transfer
occurs at a threshold field of ~1.7 kV/cm in bulk InAs.?® In
our measured branched nanowire junction devices, the
separation between the source and drain contacts to the trunk
was about 200 nm. The electric field at Vil = 40 mV was
then about 2 kV/cm in the junction region of the trunk for
the push—pull measurements, and therefore the electron
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transfer to high-energy valleys could be expected at these
conditions. However, it should be noted that the intervalley
scattering does not block electrons from their forward motion
completely. Thus, at sufficiently large bias voltages, it is
possible to see a residual signature of ballistic electron
transport.

Measurements at room temperature showed similar gate-
dependent electrical characteristics (see Figure 4). However,
the electron mean free path is known to be much shorter at
room temperature due to electron—phonon scattering, which
results in weaker ballistic effects and, hence, less pronounced
down-bending behaviors.

The tunable nonlinear electrical characteristics of the three-
terminal branched nanowire junctions can be put in use for
the realization of functional devices.’*3!37#! Here we will
demonstrate that the three-terminal nanowire junctions can
be used for frequency mixing, frequency multiplication, and
detection of phase difference between input signals. Gener-
ally, the measured voltage Vp can be expanded into a Taylor
series: Vo(VL, VR) = ago + aioVe + ao Vr + axVi2 + an ViV
+ apVk® + . . .. The nonlinear terms in the expansion imply
that for inputs, Vi, = A sin(27fi.f) and Vr = Ag sin(27frt +
A¢ir), the nanowire junction can work as a frequency mixer
and a frequency multiplier. Figure 5a,b shows the probe
voltage Vp, measured at room temperature and Vg = 10 V,
in time and frequency domains when two sinusoidal signals
with amplitudes A, = Ag = 100 mV and frequencies fi, = 9
MHz and fr = 10 MHz were applied as inputs. As expected,
strong peaks in the power spectrum of Vp occurred at mixed
frequencies of fr — fi = 1 MHz and fi + fx = 19 MHz.
Peaks at the input frequencies and their multiple frequencies
are also visible in the power spectrum shown in Figure 5b.
The same nonlinear behavior can be used for determining
the relative phase between two input periodic signals since,
for two input signals with the same frequency fi = f, the
cross term Vi Vi contains information about the relative phase
A¢rr between the two inputs. Assuming again that the two
inputs were sinusoidal signals, the time-averaged voltage can
be expressed as (Vp), = const + ApAr(aii/2) cos(A¢ir).
Figure 5¢ shows the measured relation between (Vp), and
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A¢rr at room temperature and Vg = 10 V for two sinusoidal
input signals with amplitudes A, = Ag = 100 mV and
frequencies fi, = fx = 1 MHz. The results show that the
nanowire junction can be used as a good phase-difference
detector at megahertz or higher frequencies.

In summary, nanoscale three-terminal junction devices
have been realized with self-assembled branched InAs
nanowires and the electrical properties of the devices have
been studied. It has been shown that these nanowire junction
devices exhibit rich, tunable nonlinear electrical properties.
These rich nonlinear properties arise from interplay of
electron transport in diffusive, ballistic, and self-gating
regimes. Our study should stimulate the efforts worldwide
toward the realization of complex functional nanoelectronic
devices and circuits with bottom-up approach.
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A Novel SR Latch Device Realized by Integration of
Three-Terminal Ballistic Junctions in InGaAs/InP

Jie Sun, Daniel Wallin, Ivan Maximov, and H. Q. Xu

Abstract—In this letter, a novel sequential logic device based on
three-terminal ballistic junctions (TBJs) is proposed and demon-
strated. Two TBJs and two in-plane gates are laterally integrated
in a high-electron-mobility InGaAs/InP quantum-well material by
a single-step lithography process. Electrical measurements reveal
that the integrated device functions as a set-reset (SR) latch
with voltage gains at room t: ature. The d trated device
provides a new and simple circuit design for SR latches in digital
electronics.

Index Terms—Nanoelectronics, set-reset (SR) latch, three-
terminal ballistic junction (TBJ).

I. INTRODUCTION

HREE-TERMINAL ballistic junctions (TBJs) and derived

structures [1]-[13] are emerging nanoelectronic devices
[14], [15]. It has been predicted [1], [2] and verified [3], [4],
[16] that TBJs exhibit novel electrical rectification properties,
which could not be expected from a three-terminal circuit built
with conventional resistors. In a TBJ, the injected electrons
from a terminal traverse through the junction region ballistically
and therefore do not lose their energies in the junction region.
Consequently, when two voltages, V;, and Vg, are applied
to the left and right branches of a TBJ, the voltage output
from its central branch Vi will be dominantly decided by the
more negative voltage applied. A typical example is that in
the push—pull configuration of the applied voltages, with V;, =
—Vg, the voltage output Vi from a symmetrically structured
TBJ is always negative [1], [3], [4]. Based on this functionality,
a frequency doubler [17] and a NAND gate [16] have been
realized by capacitively coupling a TBJ with a conduction
channel. These realized devices demonstrate that TBJs have the
advantage over traditional circuits in terms of small size and
reduced circuit complexity for implementing a given function.
Thus, TBJs and related devices may play potential roles in the
future nanoelectronics [18] if TBJ-based complex integrated
circuits can be demonstrated.

In this letter, we report on the realization of a sequential logic
device by integration of two TBJs and two in-plane gates [19]
in a high electron-mobility InGaAs/InP quantum-well structure.
The device was fabricated by a single-step lithography process.

Manuscript received December 31, 2007; revised March 10, 2008. This work
was supported in part by the Swedish Research Council (VR) and in part by the
European Commission through Project SUBTLE. The review of this letter was
arranged by Editor J. del Alamo.

The authors are with the Division of Solid State Physics, Lund University,
22100 Lund, Sweden (e-mail: Hongqi. Xu@ftf.Ith.se).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LED.2008.922983

Uz QI r =
1.5V 100MQ

Fig. 1. AFM image of an integrated device consisting of two TBJs formed
in the joint areas of branches L1, R1, and C and branches L, Rz, and Ca,
and two in-plane gates GG1 and G'2, and circuit setup employed in this letter for
operation of the device as an SR latch. In the latch operation, S and R were
used as inputs, and the output signals were recorded from @ and Q.

Electrical measurements revealed that the integrated device
functions as a set-reset (SR) latch with signal gains at room
temperature.

II. DEVICE FABRICATION

The SR latch device was fabricated from a modulation-
doped InGaAs/InP heterostructure grown by metal organic va-
por phase epitaxy [20], [21]. The electrons in this structure were
confined within a 9-nm-thick InGaAs quantum well which was
located 40 nm below the surface and separated from the semi-
insulating InP substrate by a 50-nm-thick undoped InP buffer
layer. At room temperature, the electron concentration and mo-
bility in the quantum well, determined from Hall measurements
in dark, were about 5 x 10'® m~2 and 1.3 m? /V s, respectively.
Electron-beam lithography and wet chemical etching were used
to fabricate the device on a standard mesa with Au/Ge ohmic
contacts. The trenches were etched 120-nm deep, down to the
InP substrate. An atomic force microscope (AFM) image of
the fine structure part of the fabricated device is shown in
Fig. 1, where the dark parts are etched trenches. The fabricated
device contained two TBJs and two in-plane gates. The two
TBJs (with left, right, and central branches labeled by L;, R,
and C4, and by Ly, Rs, and C3) were placed symmetrically
in a configuration that the central branch of one TBJ was
capacitively coupled to a side branch of the other TBJ. One
of the two fabricated in-plane gates (G and G5) was used to
control this TBJ branch from the other side.

0741-3106/$25.00 © 2008 IEEE
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Fig. 2. (a) Measured electrical properties of the lower TBJ in Fig. 1. In
the measurements, voltages V7, and Vi were applied to Ly and Ry in the
push—pull configuration, with V;, = —Vg, and the voltage V> at the central
branch C'1 was recorded. All the other contacts in the device were left floating.
(b) Measured transfer characteristics of the lower in-plane gate G'> on the
left branch of the lower TBJ in Fig. 1. In these measurements, a voltage of
Vp = 2.5V was applied to the contact to Ry, and the contact to L1 was
grounded. The drain current /5 at the contact to Ry was recorded as a function
of the voltage V(; applied to the gate G'2. All the other contacts in the device
were left floating. Note that, here, /T is plotted against V.

III. ELECTRICAL PROPERTIES OF DISCRETE ELEMENTS

The fabricated device was first characterized by electrical
measurements of individual elements. Here, we note that all the
electrical measurements presented in this letter were performed
at room temperature. The measured electrical properties of
the individual elements in the integrated device are shown in
Fig. 2, where Fig. 2(a) shows the results of the push—pull
measurements of the lower TBJ in Fig. 1, and Fig. 2(b) shows
the gating effect of G5 to the left branch of the TBJ. In the
TBJ, the distance between the quantum-well contacts to the
left and right branches (L; and R;) is about 1.2 ym, which
is larger than the room-temperature mean free path (~150 nm)
of electrons in the quantum well at zero bias. However, it is
seen in Fig. 2(a) that the output voltage V¢ from the central
branch of the TBJ shows a strong down-bending behavior
(a signature of ballistic electron transport). The presence of
this ballistic electron transport behavior in a micrometer-scale
TBJ device has recently been systematically studied and can
be explained as a result of enhancement of the mean free path
of electrons in the heterostructure (determined dominantly by
phonon scattering at room temperature) by the negative voltage
applied to the injection contact [22]. Note that Vo shown in
Fig. 2(a) is slightly positive at small positive V. This arises
from the structure asymmetry in the TBJ [1].

The measurements of the gate efficiency of the lower in-plane
gate G to the left branch of the lower TBJ were made at a
voltage Vp applied to Ry, with L; being grounded and both
C' and C being left floating. Fig. 2(b) shows the results of the
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measurements for Vp = 2.5 V. In this figure, \/Tp (where Ip
is the measured drain current at the contact to Ry) is plotted
against the voltage V; applied to the gate G. Here, it is seen
that when Viz > 0V, the branch is open for current conduction
and Vi has little influence on Ip. This is due to the fact that
the current channel (i.e., the branch) has a finite physical width.
However, as the strength of the negatively applied voltage Vi
is increased, the current Ip is rapidly decreased. Also, the
VIp—Vg curve is found to be approximately linear in Vi <
Ve <0 V, where Vr is the threshold voltage at which the
current Ip is cut off. The transconductance of the channel in
this negative gate voltage range can be extracted from g, =
(0Ip/0Ve)|lvp=25v = k(Ve — Vi), with fitting parameters
k= 1568 x 10°° AV-2 and Vy = —0.8929 V. Here, it is seen
that the transconductance g,, increases linearly with increasing
V¢ in this negative gate voltage range.

IV. FUNCTIONALITIES OF THE SR LATCH DEVICE

Based on the measured electrical properties of the individual
elements, we demonstrate in this section that the integrated
device with the circuit setup shown in Fig. 1 functions as an SR
latch. In the measurements, input signals .S and R were applied
to the Ly and R, contacts. The voltages applied to the R, and
L5 contacts were fixed at 2.5 V. The two TBJs were coupled to
each other by using their central branches C' and C as gates to
side branches of their counterpart TBJs. The branches C; and
C5 were also connected to the gates G and G2 through voltage
shift units, Uy and Us, of 1.5 V. The outputs Q and @ were
recorded at the contacts to the gates Gy and G5. The results of
the measurements are shown in Fig. 3. Here, the logic 1 state is
defined tobe 0 V for S and R, and > 0V for Q and Q. The logic
0 state is defined to be —0.6 V for S and R, and < —1 V for
@ and Q. The measured data shown in Fig. 3 are completely in
agreement with the SR latch transition characteristics described
by logic equations Q"1 = S + RQ™ and S + R = 1.Itis also
seen that the logic swings of the outputs cover that of the inputs,
indicating the ability for signal amplifications in the device.

The operation principles of the device can be described as
follows. When S is low (—0.6 V) and R is high (0 V), electrons
will be injected from the left branch (L) of the lower TBJ.
The voltage at the central branch C; will be in a value close to
S (about —0.1 V in our case). This is due to the characteristics
of ballistic electron transport in the TBJ [1]-[4]. By virtue of
Uy, the output Q will be in a large negative value (—1.6 V), and
therefore, G1 will cut off the current flow in the right branch of
the upper TBJ. As a result, C> will be in a high-voltage state
due to the voltage of 2.5 V applied to Lo, and the output @,
as well as the gate G, will stay at the logic 1 state (> 0 V).
Since the voltages at both Co and G2 are positive, the left
branch of the lower TBIJ is even further opened, and the voltage
at C will stay at a value even closer to the input voltage on S.
This will further force the output @ to stay in the logic 0 state
(< =1 V). We would like to note that G; and G play decisive
roles in cutting off the current flows in the gated branches of the
two TBIJs, and the side arms of branches C7 and C5 could be
removed from the device design. Also, the voltages on R; and
L4 should be optimized, together with the voltage values of Uy
and U, to obtain the desired logic voltage levels of Q and Q.
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Fig. 3. Measured SR latch functionalities of the fabricated device with the
circuit setup shown in Fig. 1. The logic 1 and 0 states of the inputs (S and R)
were set to be 0 and —0.6 V, whereas those of the outputs (Q and Q) were set
tobe >0and <—1V.

When the set signal disappears, namely, the voltage at the
input S returns to 0 V, the voltage at C; will rise and the
voltage at @ will accordingly increase (to a value of —1 V in
our experiment). This voltage, however, still stays at a negative
value and is low enough to close the right branch of the upper
TBJ. The logic states of the SR flip-flop element thus remain
unchanged. When the reset signal of —0.6 V at input R arrives,
electrons at contact Ry will gain enough energies to pass over
the potential barrier in the right branch of the upper TBJ and can
traverse ballistically through the junction region. This process
will lead to lowering of the voltage at branch C5, which will,
in turn, trigger the processes of switching @ and Q to their
opposite logic states in the same way as we described earlier.
Subsequent switches of logic states of () and Q can be analyzed
in a similar manner, and it is always the case that when the
gated branch of one TBJ is closed, the gated branch of the other
TBJ will be automatically opened, ensuring that @ and Q will
always stay at two contrary states.

V. SUMMARY

In conclusion, we have successfully realized an SR latch
device based on an integrated nanostructure in an InGaAs/InP
heterostructure. The device consists of two TBJs and two
additional in-plane gates and can be fabricated by a single-
step lithography process. Electrical measurements reveal that
the integrated device functions as an SR latch with signal gain
at room temperature. The demonstrated device provides a new
and simple circuit design for SR latches. Nevertheless, it still
remains as a challenging task to bring the technology described
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earlier to a level of performance that is comparable to the
current CMOS SR latch technology.
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Gate-defined quantum dots in an InGaAs/InP heterostructure are realized by incorporating a high-«
HfO, material as a gate dielectric using atomic layer deposition. The fabricated quantum-dot devices
show Coulomb blockade effect at low temperature. The Coulomb blockade current peaks are found
to shift in pairs with the magnetic field applied perpendicular to the quantum-dot plane, due to the
filling of electrons into spin-degenerate orbital states. When the magnetic field is applied parallel to
the quantum-dot plane, spin splittings of orbital states are observed and the extracted effective
g-factors are found to be different for different orbital states. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3077188]

Semiconductor quantum dots (QDs) are a subject of ex-
tensive research of today. These systems not only are of great
interest for studies of basic physics, such as quantum many
body and spin physics,l’3 but also have potential applications
in nanoelectronics and photonics. * State of the art methods
of fabrlcatmg semiconductor QDs include self- a@sembled
growth,”” scanning probe microscope oxidization,® wet” or
dry'o etching, lithographically patterning of top gates,” 13
etc. In the employment of the lithographically patterning
technology listed above, patterned metal gates are made on
the surface of a semiconductor heterostructure. Application
of negative voltages to the gates can deplete electrons be-
neath, creating an electron QD inside the heterostructure.
High tunability, smooth confinement boundaries, and good
device reproducibility make the patterning top-gate technol-
ogy superior to several other methods in making QDs for
studies of transport phenomena. So far, most top-gate de-
fined QDs have been realized in GaAs/AlGaAs hetero-
structures.'™'* However, top-gate defined QDs in InP based
heterostructures have not been reported to date, although the
heterostructures are promlsmg material systems for applica-
tions in microelectronics'> and optoelectromcs and, in par-
ticular, the InGaAs/InP two-dimensional electron gas
(2DEG) system has interesting electron transport properties,
such as small electron effective mass, high electron mobility,
large effective g-factor, and strong spin-orbit coupling
strength. 1719 A well-known problem is that the metal/InP
Schottky barrier height is too low (typically <0.5 eV)™? ¢
suppress the leakage current of the gate.

In this letter, we report the realization of gate-defined
QDs in an InGaAs/InP heterostructure by employment of a
high-« material as a gate dielectric. Using atomic layer depo-
sition (ALD), a thin HfO, layer is grown on the surface of
the heterostructure prior to the deposition of a metal gate
layer. The technology is first characterized with split-gate
defined quantum point contact (QPC) devices and is then
exploited to fabricate top-gate defined QDs in the hetero-
structure. The fabricated QD devices show Coulomb block-
ade effect at low temperature. It is observed that the conduc-
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tance peaks shift in pairs with the magnetic field applied
perpendicular to the 2DEG plane. When the magnetic field is
applied parallel to the 2DEG plane, spin splittings of QD
orbital states are observed and the effective g-factors are then
extracted.

The wafer used in this work is a modulation-doped
semiconductor heterostructure grown by metal-organic vapor
phase epitaxy. On a semi-insulating InP:Fe substrate, a 50
nm thick undoped buffer layer, a 9 nm thick Ing;5Gag,5AS
quantum well, a 20 nm thick undoped InP layer, a 1 nm thick
Si &-doped InP layer, and finally a 20 nm thick InP cap layer
are grown epitaxially. At 300 mK, the sheet electron concen-
tration, mobility, and mean free path in the InGaAs quantum
well are 4.2X 105 m™2, 6.77 m?/V s, and 725 nm, respec-
tively, determined by Hall measurements in dark. Standard
mesas with annealed Au/Ge Ohmic contacts are fabricated by
two steps of electron-beam lithography. To obtain a clean
and insulating heterostructure surface prior to growth of
HfO,, the sample is etched in diluted HF acid (HF:H,O
=1:4) for 20 min followed by sulfur passivation in solution
of [(NHy4),S,:H,0=1:9] at 60 °C for 20 min. A nominal 24
nm thick (300 cycles) HfO, film is grown on the pretreated
surface from hafnium tetrakis(dimethylamide) HffN(CH,), ],
and water” in a Savannah 100 ALD system at 300 °C. Al-
though the Ohmic contact pads are covered by the HfO,, the
forces generated by a standard thermosonic wire bonder al-
low metal to penetrate through the thin HfO, film and con-
nect the Ohmic contact pads of the device to the outside
electrodes. Therefore, no patterning (etching or lift-off) pro-
cess of the HfO, layer is needed. Finally, the top gates are
fabricated by a third step of electron beam lithography and
thermal evaporation of a 50 nm thick Ti/Au metal layer. It is
worth noting that the InP native oxide can result in electrical
instabilities at the insulator/InP interface” and, thus, proper
pretreatment of the InP surface™ prior to an ALD process is
essential.

The technology is evaluated using split-gate devices fab-
ricated with the above procedure of processes. The inset in
Fig. 1 shows an atomic force microscope (AFM) image of a
typical split-gate structure fabricated on the surface of the
InGaAs/InP heterostructure. The lithographically defined
opening of the split gate is about 150 nm wide. Negative

© 2009 American Institute of Physics
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FIG. 1. (Color online) Linear-response conductance G of a gate-defined

QPC in an InGaAs/InP heterostructure measured against the split-gate volt-
age V, at 4.2 K. The inset shows an AFM image of the QPC device and a
schematic diagram of the measurement circuit.

voltage V, is applied to the split gate to form a QPC in the
InGaAs quantum well and the width of the conduction chan-
nel of the QPC can be tuned by varying the applied gate
voltage. Electrical measurements show that the breakdown
field of the HfO, film is =4 MV/cm and, under normal
device operation conditions, the gate leakage current density
is in the order of 1078~1077 A/cm?®. The dielectric constant
« of as-grown HfO, film is known to be approximately 15,
much larger than the value of 3.9 for SiO,. Figure 1 shows
the linear-response conductance G of the QPC measured at
4.2 K as a function of the gate voltage V, using standard
lock-in technique. In Fig. 1, the conductance quantization
with several well defined steps is observed, revealing a sig-
nature of quantum and ballistic transport effect in the fabri-
cated split-gate device. The results show excellent dielectric
properties of as-grown HfO, films, through which smooth
potentials are achieved by gating, confirming the feasibility
of the device fabrication technology.

An InGaAs/InP QD device fabricated with the above de-
veloped technology is shown in the inset in Fig. 2(a). The
QD is defined by four surrounding gates, i.e., left, plunger,
right, and cross-bar gate. Static voltages applied to the four
gates are denoted by V), V), V,, and V,,, respectively. The
lithographically defined structure of the QD is square shaped
and has a nominal size of 250 nm. A dc voltage V4 is applied
between the source and drain of the device in a symmetric
configuration, with V,=+V/2 and V;=-V/2. Transport

Vsa/2

Vi 1 Ve
V, ¢ 250nm

I, (nA)

2 -1.9 -1.8 -1.7
v, (V)

FIG. 2. (Color online) Source-drain current /oy vs plunger gate voltage v,
measured for a QD in InGaAs/InP defined by setting other gate voltages at
values of V;=-1.66, V,=-1.59, and V., =-1.58 V. The inset shows the
scanning electron microscope image of the QD device and a schematic
diagram of the measurement setup. The device is measured at 300 mK with
V=50 uV.
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FIG. 3. (Color online) (a) Charge stability diagram and (b) magnetic-field
evolution of the Coulomb blockade peaks of a gate-defined QD device (see
text for details). In (a) the differential conductance is plotted as a function of
Vg and V, and in (b) the linear-response conductance is plotted as a function
of V,, and the perpendicular magnetic field B, .

properties of the QD are measured at 300 mK in a *He based
cryostat.

Figure 2(a) shows the measured current /4 through the
QD as a function of the plunger gate voltage V, at V
=50 uV. The QD is defined by applying voltages
V,=-1.66, V,=-1.59, and V.,=-1.58 V to the left, right,
and cross-bar gate, respectively. Sharp Coulomb blockade
current peaks are observed. The spacing between peaks is
almost constant, indicating the system is in the many-
electron transport regime. The irregularity in peak amplitude
is due to the variations in quantum level spacing and QD-
2DEG reservoir couplings.”® Similar Coulomb blockade cur-
rent oscillations can be observed by sweeping V), V,, or V,,
instead with other gate voltages fixed at constant values. In
the linear-response regime, the capacitance of a gate to the
QD, Cg, can be calculated via Cg:e/AVg, where e is the
electron charge and AV, is the gate voltage difference be-
tween two neighboring Coulomb peaks. In this way, the ca-
pacitances of the four gates to the QD are determined to be
C,=15.86, C;=16.35, C,=12.14, and C,,=21.36 aF.

Figure 3(a) shows a charge stability diagram of the QD,
where the differential conductance is plotted as a function of
the source-drain bias V4 and the plunger gate voltage V,,
with gate voltages V), V,, and V,, being fixed at constant
values of —1.62, —1.62, and —1.59 V. In the diamond-
shaped areas (Coulomb blockade regions) in Fig. 3(a), the
electron transport is blocked and the number of electrons in
the dot is fixed at integer numbers. The single electron charg-
ing energy of the dot is about 1.1 meV (half of the width of
a diamond), which leads to a total capacitance of the QD of
Csy=145 aF. If we assume the QD structure to be a disk, the
capacitance can be expressed as Cy =4kkyd, where k and k
are dielectric constants of InGaAs and vacuum and d is the
size of the QD. The electric size d of the QD can be esti-
mated to be about 280 nm, comparable to the structure size
defined lithographically. Figure 3(b) shows the evolution of
the conductance peaks with the applied magnetic field. Here,
the field B is applied perpendicularly to the 2DEG plane.
The evolution of the conductance peaks is seen to show pro-
nounced “wiggles.” The effect is attributed to magnetic field
induced crossings between QD orbital levels." We have fur-
ther found that the peaks generally shift in pairs with the
magnetic field B,. We attribute this phenomenon to the
filling of electrons into two spin states of orbital levels in

Downloaded 31 Jan 2009 to 130.235.190.212. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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FIG. 4. (Color online) (a) Charge stability diagram and (b) magnetic-field
evolution of the Coulomb blockade peaks of a gate-defined QD device (see
text for details). In (a) the differential conductance is plotted as a function of
Vg and V, and in (b) the linear-response conductance is plotted as a function
of V,, and the parallel magnetic field By.

the QD. Similar phenomena have been observed in
Ing 0sGag 9sAs/ Aly,,Gag73As QDs but at one order of mag-
nitude larger magnetic fields B ¢-27

Figure 4 shows the measurements of the same device as
in Fig. 3, but with the magnetic field B being applied paral-
lel to the 2DEG plane, after another cooling down. Figure
4(a) shows the charge stability diagram of the QD formed in
a voltage configuration of V=50 uV, V,=-1.66, V,=
—-1.59, and V,.,=-1.58 V. It is seen from Fig. 4(a) that the
plunger gate capacitance and the charging energy are almost
the same as those in Fig. 3(a). Figure 4(b) shows the evolu-
tion of the conductance peaks of the QD with By. Since the
field is parallel to the 2DEG plane, the influence of
magnetic-field induced level interactions is expected to be
small. Thus, the observed phenomenon in Fig. 4(b) arises
mainly from the material properties of the heterostructure. In
the measurements, the energy difference between two adja-
cent conductance peaks can be obtained from Aw(B)
=a,eAV,, where a,=C,/Cs is the plunger gate lever arm
and AV, is the corresponding difference in the voltage ap-
plied to the plunger gate. In the constant interaction model,
we have Au(B)=e?/Cs+Ae(B), where Ae(B) is the energy
difference between quantum states involved in tunneling at
the zero source-drain bias. For odd spin filling one expects
Ae(B)=|g:upB|, while for even spin filling Ae(0)>0 and
Ae(B)=Ae(0)—|gupBl/2~|g, , upB|/2. Here pp is the
Bohr magneton, n and n+1 are the indices of the levels being
filled on the Coulomb peaks below and above the corre-
sponding diamond, and g, is the effective g-factor of quan-
tum level n. The g-factor can be different for different quan-
tum levels.”** By fitting of the data in Fig. 4(b), we obtain
g-factors for three quantum states, |g,,,[=0.90, |g-.,|=1.83,
and |g,3/=2.08. Values of |g*|=4 have been extracted for
InGaAs/InP quantum wells in an applied perpendicular mag-
netic field conﬁguration.m Our extracted g-factors are
smaller than these out-of-plane g-factors but are fully com-
parable to the values determined in an optically detected
magnetic resonance experiment31 in which values of |g”|
~2 have been extracted for an InGaAs/InP quantum well
with a magnetic field applied parallel to the quantum-well
plane.

Appl. Phys. Lett. 94, 042114 (2009)

In summary, we have developed a technology of fabri-
cating gate-defined QD devices in InGaAs/InP by incorpo-
rating a HfO, thin film. Coulomb blockade effect has been
observed in the fabricated devices at low temperature. It has
also been observed that when a magnetic field is applied
perpendicular to the QD plane, the conductance peaks shift
in pairs with the magnetic field. However, when the magnetic
field is applied parallel to the 2DEG plane, spin splittings of
QD orbital states have been observed and the extracted ef-
fective g-factors are found to vary with the QD orbital state.
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search (SSF) through the Nanometer Structure Consortium at
Lund University, and EU program SUBTLE.

L.P. Kouwenhoven, D. G. Austing, and S. Tarucha, Rep. Prog. Phys. 64,
701 (2001).

L Zuti¢, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323 (2004).

3R, Hanson, L. P. Kouwenhoven, J. R. Pette, S. Tarucha, and L. M. K.
Vandersypen, Rev. Mod. Phys. 79, 1217 (2007).

“D. Bimberg, Electron. Lett. 44, 168 (2008).

°J. M. Moison, F. Houzay, F. Barthe, L. Leprince, E. Andre, and O. Vatel,
Appl. Phys. Lett. 64, 196 (1994).

°J. Sun, P. Jin, and Z. G. Wang, Nanotechnology 15, 1763 (2004).

™. T. Bjork, C. Thelander, A. Hansen, L. Jensen, M. W. Larsson, L. R.
Wallenberg, and L. Samuelson, Nano Lett. 4, 1621 (2004).

8S. Gustavsson, R. Leturcq, B. Simovi¢, R. Schleser, P. Studerus, T. Thn,
and K. Ensslin, Phys. Rev. B 74, 195305 (2006).

M. Larsson, D. Wallin, and H. Q. Xu, J. Appl. Phys. 103, 086101 (2008).

"T. Kita, D. Chiba, Y. Ohno, and H. Ohno, Appl. Phys. Lett. 90, 062102
(2007).

5 M. Elzerman, R. Hanson, L. H. Willems van Beveren, B. Witkamp, L.
M. K. Vandersypen, and L. P. Kouwenhoven, Nature (London) 430, 431
(2004).

25 p, Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. Yacoby, M. D.
Lukin, C. M. Marcus, M. P. Hanson, and A. C. Gossard, Science 309,
2180 (2005).

BA. C. Johnson, J. P. Petta, J. M. Taylor, A. Yacoby, M. D. Lukin, C. M.
Marcus, M. P. Hanson, and A. C. Gossard, Nature (London) 435, 925
(2005).

"“M. Field, C. G. Smith, M. Pepper, D. A. Ritchie, J. E. E. Frost, G. A. C.
Jones, and D. G. Hasko, Phys. Rev. Lett. 70, 1311 (1993).

E. Schwierz and J. J. Liou, Microelectron. Reliab. 41, 145 (2001).

'D. J. Robbins, J. P. Duck, N. D. Whitbread, A. J. Ward, B. Rousseau, and
F. Lelarge, IEEE Photonics Technol. Lett. 20, 147 (2008).

7p, Ramvall, N. Carlsson, P. Omling, L. Samuelson, W. Seifert, M. Stolze,
and Q. Wang, Appl. Phys. Lett. 68, 1111 (1996).

18], Nitta, T. Akazaki, H. Takayanagi, and T. Enoki, Phys. Rev. Lett. 78,
1335 (1997).

7, Koga, J. Nitta, T. Akazaki, and H. Takayanagi, Phys. Rev. Lett. 89,
046801 (2002).

“A. Ahaitouf, E. Losson, and A. Bath, Solid-State Electron. 44, 515
(2000).

2'H. Cetin and E. Ayyildiz, Semicond. Sci. Technol. 20, 625 (2005).

2K, Kukli, T. Pilvi, M. Ritala, T. Sajavaara, J. Lu, and M. Leskeld, Thin
Solid Films 491, 328 (2005).

). E. Wager, K. M. Geib, C. W. Wilmsen, and L. L. Kazmerski, J. Vac. Sci.
Technol. B 1, 778 (1983).

2. Tang, X. Wu, Q. Xu, H. Liu, K. Zhang, Y. Wang, X. He, X. Li, and H.

M. Gong, Semicond. Sci. Technol. 23, 035031 (2008).

S. Roddaro, K. Nilsson, G. Astromskas, L. Samuelson, L. E. Wernersson,

O. Karlstrom, and A. Wacker, Appl. Phys. Lett. 92, 253509 (2008).

2°M. Stopa, Phys. Rev. B 48, 18340 (1993).

7, Tarucha, D. G. Austing, T. Honda, R. J. van der Hage, and L. P. Kou-
wenhoven, Phys. Rev. Lett. 77, 3613 (1996).

D, Csontos and U. Ziilicke, Phys. Rev. B 76, 073313 (2007).

*p. Csontos, U. Ziilicke, P. Brusheim, and H. Q. Xu, Phys. Rev. B 78,
033307 (2008).

OTh, Schipers, V. A. Guzenko, and H. Hardtdegen, Appl. Phys. Lett. 90,
122107 (2007).

3B, Kowalski, P. Omling, B. K. Meyer, D. M. Hofmann, C. Wetzel, V.
Hirle, F. Scholz, and P. Sobkowicz, Phys. Rev. B 49, 14786 (1994).

25,

Downloaded 31 Jan 2009 to 130.235.190.212. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



LUND UNIVERSITY

ISBN 978-91-628-7850-4
Media-Tryck, Lund 2009




	cover1.pdf
	thesis.pdf
	cover2.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


